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Abstract 
The defect centers formed in the double alkaline earth crys-
tals Cat-xSrxF2 : Pr3+, Cat-xBaxF2 : Pr3+, Srt-xCaxF2 : Pr·3+ and 
Srt-xBaxF2 : Pr3+ for x < 0.02% , together with the deuterated versions 
of these crystals, were investigated using selective laser excitation. All crys-
tals were doped with 0.01% Pr3+. The mixed crystal centers in these systems 
are derived from the prominent C4 v center in the parent CaF2 : Pr3+ and 
Sr F2 : Pr3+ crystals by the replacement of the host alkaline earth cations 
in the neighbourhood cation spheres of the Pr3+ ion by the dopant alkaline 
earth. 
Three fluorine centers for each of the Sr2+ and Ba2+ doped CaF2 : Pr3+ 
crystals and two and one centers for the Ca2+ and Ba2+ doped SrF2 : Pr3+ 
crystals respectively were studied in detail. For the deuterated crystals, two 
centers were studied for each of the mixed crystal systems. From the total 
of 17 centers investigated, four common polarization characteristics were ap-
parent and these were used to classify the centers as types A1, A2, A3 or A4. 
On the basis of the observed polarised fluorescence, the A1 and A2 centers 
are found to be consistent with having a C8 and C4v symmetry respectively 
and models were proposed for these centers accordingly. Ambiguities in the 
spectroscopic data prevented a presentation of definite models for the A3 and 
A4 centers. 
Temporal studies in the form of lifetime measurements were performed 
on these mixed crystal centers and crystal field trends from these studies 
are presented. Crystal field fits were attempted for some of the C4v centers. 
Though the results from the fits are tentative at the moment, problems and 
possible solutions are identified. 
The bleaching characteristics of the lower symmetry hydrogenic centers, 
known as bleaching centers, were studied. Results from the polarization stud-
ies here appear to support models previously assigned to the parent bleaching 
centers. The satellite centers associated with the parent bleaching centers are 
characterised and discussions of models for these centers are presented. 
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Chapter 1 
Introduction 
The optical spectroscopy of lanthanide ions has contributed significantly to the un-
derstanding of atomic theory and yielded some technological applications, most 
notable of which is the Nd:YAG laser. The emphasis of the work in this dissertation 
is on the laser spectroscopy of the mixed alkaline earth fluoride crytals doped with 
praseodymium ions. This chapter introduces the praseodymium ion in the mixed 
AE1 fluorite crystal lattice, the technique of selective laser excitation, a brief review 
of previous work done on mixed crystal systems and an overview of the work in this 
thesis. 
1.1 The Praseodymium doped fluorite lattice 
Praseodymium has an atomic number of 59 and belongs to the lanthanide series in 
the periodic table of elements. The elements in this series are also known as rare 
earths, abbreviated to 'RE'. The electronic configurations of the RE elements are 
characterised by a xenon core with three 5cl6s2 outer electrons and the progressive 
1 alkaline earth 
1 
2 
filling of the 4fn shell, commencing with n = 0 for the element lanthanum and 
progressively incremented by one till n = 14 for lutetium. Praseodymium has n = 
2. RE dopants are found almost invariably to be incorporated as tripositive ions 
in crystals through the removal of the single 5d and the two 6s electrons. The 
divalent states are also possible in some cases. RE earth ions in crystals have some 
very interesting optical properties. The electronic transitions in the visible region 
are observed to be sharp and have energies very close to those of the free ions. 
These transitions occur between the states of the 4f electrons and the sharpness 
of the crystal spectra is a result of the lanthanide contraction where the 4f shell is 
drawn inside the 5s 25p6 shells. This provides a shielding mechanism whereby the 
perturbation on the optically active 4f electronic states by external influences of the 
crystal, like atomic charges and lattice vibrations, are weak. Such properties are 
attractive in that they can be made use of to probe the crystal environment. 
The energy level structure of the various multiplets for the Pr3+ ion in LaF3 are 
as shown in fig. 1.1 and would be similar for the same ion in all crystal hosts. The 
thickness of the energy bands represent the energy range of the crystal field levels 
within a multiplet. Two different labelling conventions are used for the multiplets. 
One gives the LSJ labels and the other uses a single alphabet for each multiplet; for 
example the ground state is labelled 3 !! 4 or Z as shown in the fig. Both conventions 
are used in the thesis. 
The host alkaline earth fluoride lattice has a face centred cubic structure (fig. 
1.2). The fluorine atoms form a cubic lattice cage with a fluorine positioned at each 
corner while the alkaline earth ions are placed at the centre of every alternate cage. 
This crystal structure is thermally and mechanically robust and it is also transparent 
over a wide spectral range making it an excellent host for doping with other ions 
like the RE's for performing optical studies on them. 
The RE's enter the alkaline earth fluoride la~tice readily as a tripositive ion 
replacing a divalent AE ion. The excess p~sitive charge may be compensated by a 
single negatively charged fluorine ion in an interstitial of the cubic lattice. A light 
negatively charged hydride ion can serve the same purpose. The interstitial positions 
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adopted by these charge compensating ions create what is known as crystallographic 
symmetry sites or centres. Some examples of crystallographic centres are shown in 
fig. 1.3. The labels given to these centres are relevant to the symmetry operations 
that leave the centre unaltered. These operations determine the point group of the 
centre and there are thirty two possible point groups. In the case of praseodymium 
in CaF2 and SrF2 , the predominant symmetry center form is the 0 411 centre. The 
different environment experienced by the RE in the crystal in each symmetry lifts 
the degeneracy of the free ion energy levels, i.e. a degenerate free ion energy level 
may be split into several different levels in the order of tens to hundreds of cm-1 
around the original free ion level. This dramatic change is a result of the crystal 
field acting on the RE. In the first approximation, the crystal field is provided by 
the point charges of the ligands surrounding the RE. This treatement gives a good 
agreement with experimental data. The electrostatic field is not necessarily the only 
contributor to the crystal field. Other effects including covalency or overlap of the 
ligand orbitals may be significant. 
Some of the RE dopant may form cluster centres where two or more RE ions 
aggregrate within the near neighbourhood of each other. Short range interactions 
between these ions then become possible and many more transitions can occur as a 
result. Energy transfers between these close range ions can also give rise to a phe-
nomenon called upconversion where essentially, the emitted frequencies are higher 
than the pumping frequencies of the laser. Cluster centres in RE doped AE fluorides 
seem to be an invariable feature of such crystal systems. The latest detailed work 
on CaF2:Pr3+ indicates that the majority of the twenty two different centres present 
are cluster centres [Tissue and Wright, 1987). Only three were found to be single 
ion centers. The population ratio of the cluster to single ion sites is not well known 
but the C4v centre has the strongest fluorescence so it is most easily studied. In fact, 
extensive work has already being done by Reeves [1987] on this particular centre. 
In this study, a lower concentration of praseodymium doping of 0.01% was chosen 
in the hope of minimising formation of clusters. 
The thrust of the work in this thesis is on the mixed AE fluoride crystal system. 
By "mixed", we mean the mixture of two different AE in the same crystal doped 
6 
Tetragonal (C4v) 
0 
~· 
Trigonal ( C 3v) 
0 
0 0 
F- oro-
Figure 1.3: Some charge compensation centers formed with the triply charged rare 
earths. 
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with Pr3+. There are twelve cations surrounding a single Pr3+ ion in the NN 2 
and six in the NNN 3 position (fig. 1.4). The NN and NNN cations form the NN 
and NNN cation spheres. Depending on which host cations the dopant AE cations 
replace, different crystallographic centres may be created from the original parent 
C4u centre. As the ionic radius of the guest and host AE cation is different, some 
spatial distortion to the original arrangement of the ions would occur in the general 
vicinity of where the substitution has taken place. 
The formula for the mixed crystal system is At-xBxF2 : Pr3+ where in this 
study x < 0.02 i.e 2% of the dopant AE cation B is added to host with cation A. 
The systems studied include A= Ca,Sr and B = Ca,Sr,Ba. The reasons for keeping 
the alkaline earth dopant low are to ensure that the dominant mixed crystal centers 
formed are simple and the host lattices are not structurally altered. 
1.2 The technique of selective laser excitation 
Different centres in the crystal give rise to different sets of energy levels. By sweeping 
the dye laser over its frequency range, the broadband excitation spectrum observed 
is a composite of energy transitions from all the sites present. If the laser is tuned 
to one particular frequency corresponding to the absorption energy of a specific site, 
the emission spectrum observed arises out of the transitions from the excited state to 
other states belonging to the same site. This is the basis of selective laser excitation 
(SLE)4 first employed by Tallant and Wright [1977] to elucidate the electronic states 
belonging to various sites in CaF2:Er3+. 
The finite frequency bandwidth of the dye laser used and also in the energy 
levels that are being excited means that it is not always possible to selectively 
excite only one site. When the frequencies of two transitions belonging to two 
2nearest neighbour 
3 next nearest neighbour 
4or laser selective excitation (LSE) 
8 
(AE)2+ 
Figure 1.4: The locations of the 12 NN and 6 NNN alkaline earth cations in relation 
to the rare earth ion which forms a G411 symmetry center 
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different centers overlap, the bandwidth of the laser may be sufficiently broad to 
excite both the levels, thus the excitation is no longer selective. Some discrimination 
may be possible by slightly detuning the laser and observing the relative emission. 
intensities of transitions. Lines belonging to the same site should have the same 
relative intensities. This is however not satisfactory if too many overlapping bands 
are simultaneously excited. Such cases are encountered frequently in the mixed 
crystals since the lines are inhomogeneously broaden creating more opportunities 
for overlap of the energy levels that are pumped by the laser. 
1.3 Some previous work on RE doped mixed 
crystal systems 
Satellite lines to the principal spectra lines are often observed in RE ion spectra 
in crystals [Hufner, 1978] and they are characterised by being sharp, possessing 
well defined polarization consistent with the presence of distinct RE sites differing 
only slightly from the principal RE sites. Additional impurity ions or distortions 
of the immediate environment of the RE site can account for such perturbed site 
configurations. The greater number of satellites observed suggests a variety of these 
perturbed site configurations in a particular mixed crystal. 
A detail investigation of the satellite structures for the case of N J?+ in four 
RE trichlorides and of Pr3+ and Er3+ in N dC l3 revealed that the intensity of 
the satellite lines varied markedly with the host lattice and with any impurity ions 
present [Prinz and Cohen, 1968]. The perturbed sites responsible for these lines were 
correlated with crystal dislocations and their tendency to attract impurity ions. 
Another comprehensive study of satellite lines in double-eloped LaCl3 crystals 
containing both Pr3+ and other ( C e3+, G(P+, Y:H) RE ions showed that both 
symmetric (along the crystal c-axis) and asymmetric distortions (perpendicular to 
the crystal c-axis) occur in the LaCl3 lattice [Fricke, 1979]. 
10 
The photoluminescence and cathodoluminescence spectra of Er3+ in mixed Ga1-xSr:x:F2 
crystals have been reported by Aizenberg et al. [1975] and for low Sr2+ concentra· 
tions, satellite lines were found near lines of the tetragonal Er3+ center in GaF2 • At 
higher concentrations, above 3% of Sr2+ doping, strong inhomogenous broadening 
of the lines and total rearrangement of the spectra were observed. An extension of 
this work using SLE revealed three distinct mixed crystal centers [Khong, 1985]. 
1.4 Overview of the project and thesis 
The first task of the project was to see if the required mixed crystals could be 
successfully grown and prepared wit.h the present facilites; most of them could be 
conveniently grown. Preliminary spectra taken of the Sr2+ doped G aF2 : Pr3+ 
crystal showed considerable promise and subsequently experiments on all four ·mixed 
crystal systems yielded some new spectral features distinct from the parent crystals. 
These then formed the basis of the investigations on the fluorine compensated mixed 
crystal centers. More information could be obtained from polarised SLE and oriented 
crystals had to be prepared for this purpose. The discussion of the results from the 
spectroscopic study of the fluorine mixed crystal centers are presented in chapter 4. 
A natural extension was to deuterate the mixed crystals and do a similar study 
to that already done for the fluorine centers. The deuterated crystals have addi· 
tional spectral features, chiefly vibronic levels and also some further lower symmetry· 
centers, called bleaching centers. A discourse on the polarised SLE of the deuterated 
mixed crystals can be found in chapter 5. 
Models were proposed for the parent bleaching centers from previous work [Reeves, 
1987] and with the experience gained from the polarised studies of the lower symme-
try mixed crystal centers, polarised measurements were attempted to shed further 
light on these models. Additionally, the deuterated mixed crystal centers have weak 
satellite structures associated with the parent bleaching centers and these were sys-
tematically investigated. Chapter 8 deals exclusively with the results from the study 
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of the bleaching centers. 
Temporal studies were carried out on the transitions of the centers investigated 
using a mechanical chopper and a nitrogen pulsed laser. The chopper was intended 
for the acquisition of time resolved excitation spectra and its used for discriminating 
transitions of different lifetimes was demonstrated to be feasible up to a point. 
Lifetime measurements were recorded for the mixed crystal and parent centers and 
as the decay rates are related to the square of the crystal field parameters, it was 
envisaged that some idea of the relative magnitudes of the crystal field values may 
be gained. The results of this section of work are discussed in chapter 6. 
The final part of this work was an attempt to quantify the crystal field of the 
centers via crystal field fits of the experimental levels obtained. As only a relatively 
smaller number of experimentally levels were assigned for the lower symmetry mixed 
crystal centers and a larger number of parameters are needed to specify them, crystal 
field fits for these centers are not feasible at this stage. Thus, attention was focussed 
on the C4u parent and mixed crystal centers with the outcome from these efforts 
presented in chapter 7. 
Chapter two of this thesis gives a theoretical outline of the spectroscopic prop-
erties of RE ions and chapter three discusses the experimental techniques and in-
strumentations used in this work. The remaining chapter 9 summarizes the results 
of the work and concludes the thesis. 
12. 
Chapter 2 
Theoretical Review of Rare Earth 
Spectra 
The spectra of rare earth ions in crystals are complex. A proper analysis of the ob-
served spectroscopic properties involves theoretical consideration, aspects of which 
are outlined in this chapter. In trivalent RE's, the electrons involved in optical 
transitions in the visible spectral range are those occupying the partially filled 4f 
shell. The aim of any theoretical treatment is to account for all possible interac-
tions involving the 4f electrons and to formulate a Hamiltonian to represent these 
various interactions. An energy matrix can then be constructed using this Hamilto-
nian and diagonalization of this matrix yields energies which can be compared with 
the experimental values. The angular dependence of the energy matrix elements 
may be precisely determined but not the radial integrals. In the semiempirical ap-
proach usually employed, the latter are treated as adjustable parameters, fitted to 
experimental energy values using a least squares iterative process. Estimation of the 
relative strength of each interaction can be deduced from the values of the various 
fitted parameters. 
Many reviews and books discuss the relevant theory in great detail ([Judd, 1988] , 
[Hiifner, 1978} ,[Morrison and Leavitt, 1982],[Goldschmidt, 1978],[\Vybourne, 1965] 
13 
14 
). In this chapter, the interactions which involve the 4f electrons are described in 
section 2.1. In section 2.2 , a brief discussion on the electron-phonon interaction 
will be given, followed in section 2.3 by some results on the polarisation behaviour 
of the Pr3+ single ion in the various symmetry sites present in a cubic lattice host 
like the C aF2 • 
2.1 Free Ion and Crystal Field Hamiltonians 
Interactions of the 4f electrons both in the free ion and with the crystal potential 
field may be represented by the following Hamiltonian : 
(2.1) 
The first term is the spherically symmetric central field term and displaces all levels 
of a given configuration equally without affecting the energy level structure within 
that configuration. Major features of a configuration are determined by the Coulomb 
and spin orbit interactions given by the second and third terms respectively. If 
only these are considered then discrepancies of a few hundred wavenumbers remain 
between the experimental and theoretical free ion energy values. Additional inter-
actions in the form of configuration interactions (Hci), effective electrostatic- spin 
orbit interactions ( Hel-so) and magnetic interactions ( Hmag) virtually eliminate the 
discrepancies entirely. References to such calculations for the Pr3+ free ion can be 
found in the review by Goldschmidt[l978] . 
When a trivalent RE is placed in a crystalline environment, the spherical symme-
try of the free ion is broken and its 2J + 1 degeneracy lifted. This is a consequence 
of the interaction of the 4f electrons with the crystal field, l/;;1, provided by the sur-
rounding ligands. Such an interaction is weak for RE3+ because the 4f electrons are . 
attracted towards the nucleus and become shielded from external influences by the 
outer 5s and 5p shells, the so called lanthanide contraction (Wybourne[l965]). The 
crystal field potential is therefore treated as a perturbation on the free ion energy 
levels with known eigenvalues and eigenfunctions. 
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Discussion of each interactions represented by the Hamiltonian of equation 2.1 
and expressions for determining their matrix elements follow in this section. Section 
2.1.1 examines the interactions for the free ion and section 2.1.2 describes the crystal 
field interactions and corrections to the standard theory. 
2.1.1 Free Ion Hamiltonian 
The Hamiltonian of an atom with N electrons and nuclear charge Ze is 
(2.2) 
where the first and second terms give the total kinetic and potential energy of 
the electrons in the field of the nucleus and the last term represents the repulsion 
between pairs of electrons. An initial difficulty with this formulation is that the 
interelectronic repulsion is too large to be treated as a minor perturbation, hence 
exact solution to the Schrodinger equation is not possible. This problem is simplified 
if the central field approximation is used, where a spherically symmetric potential 
energy function, 
(2.3) 
is constructed to approximate the sum of the average spherical potential field pro-
duced by the other electrons and the nucleus. The last term consist of the spherically 
averaged electronic repulsions. Each electron is then assumed to move independently 
in this field. Referring to equation 2.1: 
Ho (2.4) 
and 
(2.5) 
The problem is now reduced to solving the Schrodinger equation using the central 
field Hamiltonian H0 and treating Hes as a perturbation. Ho describes the main 
features of the electronic motion and is spherically symmetric. The summation in 
16 
H 68 over the electrons in the filled shells give a constant shift to all the levels within 
a configuration, while summation over the unfilled shells splits a configuration into 
L,S terms. 
The U(ri) of equation 2.3 is a one electron operator and the eigenfunction of 
each electron in the central field (eqn. 2.4) is written: as 
Rn1(r) 
'l/Jnlm1m. (r, 6, ~) = Ylm1 ( 0, ~ )Xm., r (2.6) 
where the radial wavefunctions Rn1 depend on U(r), the Ylm 1 are the spherical har-
monics and Xm. are the spin functions. To satisfy the Pauli exclusion principle, the 
Schrodinger equation with a central field Hamiltonian must use the antisymmetrised 
products (Slater determinants) of the above wavefunctions. In so doing, a configu-
ration is defined by the set of quantum numbers (n1!1 , n 212 , ....... , nNlN) with each 
nl'z: configuration having a degeneracy 2<21+l)Cx. The 4f2 configuration of ·the Pr3+ 
ion is 91 fold degenerate. 
To calculate levels due to the electrostatic interaction within a configuration , 
it is necessary to evaluate the matrix of the non-spherically symmetric part of the 
electronic repulsion ( eqn 2.5) : 
/ fn SLJ lvf L e~. fn S' L' J' M'), 
\ i<i r,J 
(2.7) 
summing over electrons of incomplete shells. By expanding r1 · using Legendre poly-,, 
nomials and spherical harmonics, and defining the c; tensor operator by: 
(2.8) 
where Ykq is a spherical harmonic, the matrix elements in (2. 7) can be re-expressed 
as 
zt!•(r) \rsLJM t;;(cf. cf) f"S'L'J'M'). (2.9) 
For the 4f2 equivalent electrons of Pr3+ , the matrix elements of (2.9) have the 
form: 
(2.10) 
2.1 Free Ion and Crystal Field Hamiltonian 
where the reduced matrix element is 
( I k z0
') (l!ICklll) = ( -1)1[(21 + 1)(2l' + l}P/2 
0 0 
and the radial integral is 
f~:(r) = pk = e2 j j (r;t )R~1 (ri)Ri1 (r2)dr1dr2. 
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(2.11) 
(2.12) 
The tables of Nielson and Koster(1963] give the values of the electrostatic matrix 
elements. To use these, new parameters must first be defined with transformation 
properties of the the groups R7 and G2 used in classification of the states. These 
have the form: 
3 
E = L ekEk. (2.13) 
k=O 
Chapter 2 of Wybourne(1965] discuss this point and give the relationships between 
the parameters Ek and pk. Tabulations of the 3j and 6j symbols used in the ex-
pressions can be found in the tables of Rotenberg[1959]. 
In addition to the electrostatic interactions, various magnetic interactions are 
also significant. Of these, the spin - orbit interaction gives the major contribution. 
Evaluation of the spin-orbit matrix elements is also done in the tensor formalism. 
The spin-orbit coupling Hamiltonian is a product of two rank one tensors acting 
independently on the spin and orbital part of a wavefunction and can be written as: 
(2.14) 
with 
(2.15) 
The matrix elements are given by: 
(rsLJM ~((r;)(s1 ·I;) j"S'L'J'M') = 
J+L+S' ro; { s S' 1 } N II N I ') (41(-1) 8JJ,()MJM'V84 (! SLI!Vn f S L . 
J L' L J 
(2.16) 
Matrix elements of the V11 operator are also listed in the tables of Nielson and 
Koster. The most important effect of the spin-orbit coupling is to mix states of the 
18 
same J but different L and S values. In rare earths, the Coulomb and spin-orbit 
interactions are of comparable magnitude and substantial mixing between different 
L and S states occurs. It is thus no longer possible to label states using the Russell 
Saunders or LS coupling scheme but instead the intermediate coupling scheme should 
.. 
be adopted. Diagonalizati'on of the energy matrix with both the electrostatic and 
spin orbit interactions considered would yield a set of eigenvectors which is a linear 
combination of L,S terms with the same J values. The dominant 25+1 LJ term of 
these eigenvectors is often used as a label for these intermediate coupling LSJ terms. 
The intermediate coupling wavefunctions are used in the crystal field calculations 
as good starting wavefunctions since they do not vary much on inclusion of other 
interactions. 
The deviations of the calculated energy levels when only the electrostatic and 
spin-orbit interaction are considered can be attributed to mainly to the neglect of 
the configuration interaction. This is treated by Rajnak and Wybourne[1963] for 
the case of zn type configurations using the second order perturbation theory. For a 
given perturbing configuration, several states lmr) will interact with the states I'll) 
and I'll') belonging to the fn configuration. Such perturbations may be included by 
adding to each electrostatic matrix element of the type (fnwiGifnw'), a correction 
factor 
C(\ll, w') = - L (fnwiGimrl~TIGifnw'). 
T 
G represents the Coulomb repulsion and b.E is the energy difference between the 
fn and perturbing configuration. For the case of rare earths, the contribution from 
individual configurations is generally small. However, the accumulative effects may 
be considerable because of the high density of states as the continuum is approached. 
This correction factor can be rep res en ted by : 
N 
C(W., w') = l:Pk(fnwl L(Uf · Uf)lfnw'), (2.18) 
k i>j 
where the pk term contain the radial integrals to be treated as adjustable parame-
ters. The even k part of this correction factor is absorbed in the previous fit when 
the pk terms are treated as adjustable parameters, while the odd k terms are not. 
The way to deal with these odd k terms is to use the properties of the Casimir 
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operators to replace the odd k terms by the equivalent expression 
8(w,w')[aL(L+1) + f3G(G2) + 1G(R1)]. (2.19) 
The a, f3 and 1 are parameters of particular linear combinations of pk with k odd 
and G( G2) and G(R7 ) are the eigenvalues of Casimir operators for the group G2 and 
R7 used in dassifying the states of the fn configuration. 
Better agreement is achieved in the calculation of energy levels if several magnet-
ically correlated corrections are also introduced . The principal two body magnetic 
correction is that of the electrostatically correlated spin-orbit perturbation. The 
Hamiltonian for this is represented by: 
Hel-so = 2: P!pf, 
2,4,6 
while that of the spin-spin and spin-other-orbit relativistic corrections is 
Hmag = L mhMh. 
0,2,4 
(2.20) 
(2.21) 
The operators are denoted by PJ and mh and the adjustable parameters are p! and 
the Marvin integral Mh. The addition of these terms in the Hamiltonian does not 
make a particularly significant energy contribution and will not be discussed further 
here while the paper by Judd(1968) gives all the relevent details. All the parameters 
featured in this discussion are used in the crystal field fit in this work but not all of 
them are varied. 
2.1.2 Crystal Field Hamiltonian 
It is possible to expand the crystal field potential Vc1 as a series in the Racah tensor 
operators that are related to the spherical harmonics (see equation 2.8). The crystal 
field Vc1 then takes the form 
I: B;(c;)i, (2.22) 
k,q,i 
20 
where the summation is over the n electrons of of the 4fn configuration. For f 
electrons the k terms can have values of 0,2,4,6 and since the k=O term merely 
provides a constant shift to the levels, it may be ignored. The q values depend on 
the particular crystal field site symmetry. In the description of the crystal field , 
one could either use the point group or JM basis. A detailed description of the 
former can be found in the book by Butler[1981). Following his methods, under the 
group reduction chain 03 ~ Oh ~ D4h ::) 0 4v ~ 0 4 , the Hamiltonian for a 04v local 
symmetry of theRE in the point group basis may be written as : 
Vctv = x2+2+o+ooJ5u2+2+o+oo + x4+o+o+ooy1gu4+o+o+oo 
+ x4+2+o+ooy~gu4+2+o+oo + xs+o+o+ooy'I3us+o+o+oo 
+ xs+2+o+oovrsus+2+o+oo. (2.23) 
Similarly, the chains 03 ~ Oh ~ D4h ::) 04v ~ 0 2v ~ 0 2 and 03 ~ Oh ~ D4h ~ 04v ~ 
02v ~ 0 8 give the Hamiltonian for 02v and 0 8 centres as: 
Vc2., = x2+ 2+ o+ ooo J5 u2+ 2+o+ ooo + x2+ 2+ 2+ 200 J5 u2+ 2+ 2+ 200 
+ x4+o+o+oooy~gu4+o+o+ooo + x4+2+o+oooy~gu4+2+o+ooo 
+ x4+2+2+2ooy/gu4+2+2+2oo + xs+o+o+oooy'I3us+o+o+ooo 
+ xs+2+o+oooy'I3u6+2+o+ooo + xs+2+2+2+0oyT3u6+2+2+2+oo 
+ xs+ 6+ 2+ 200 vrsus+ 6+ 2+ 200 (2.24) 
and 
Vas= x2+2+o+oooJ5u2+2+o+ooo + x2+2+2+2ooJ5u2+2+2+2oo 
+ x2+i+I+uovrsu2+i+I+uo + x4+o+o+oooy~gu4+o+o+ooo 
+ x4+2+o+oooy~gu4+2+o+ooo + X4+2+2+2ooy1gu4+2+2+2oo 
+ x4+I+I+uoy~gu4+I+I+uo + X4+i+I+noy~gu4+i+I+no 
+ xs+o+o+oooyT3us+o+o+ooo + xs+2+o+oooyT3u6+2+o+ooo 
+ xs+2+2+2+0oy'I3u6+2+2+2+oo + xs+6+2+2ooyT3us+6+2+2oo 
+ xs+I +I +I +IOy'I3ij6+I +I +I +10 + xs+i+I+I +IOy'I3ij6+i+I +I +Io. (2.25) 
The X's and U's are the crystal field parameters and the Racah unit tensor 
operators respectively, while their superscripts are irrep labels of the site symmetry 
group. 
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Calculations are usually done in the JM basis and point group irreps assigned to 
the eigenvectors. To transform between the JM and point group bases , the tables of 
Butler[1981) are helpful. Table 2.1 reproduces the entries from Butler's book which 
can be used to do such the transformations and the transformation between the 
more commonly used spherical tensors and unit tensors. 
The linear combination of tensor operators of a Hamiltonian in the JM basis, 
as constructed from table 2.1 are orthogonal to each other and have well defined 
transformation properties under the parent group from which a particular symmetry 
is derived. The significance of operators orthogonality to ensure that correlations 
between the parameters are minimized and the fitting equations are well conditioned 
has been highlighted by Judd[1985) . 
Having specified the crystal field Hamiltonian appropriate for the RE3+ ion site 
symmetry, the matrix elements of the crystal field interaction can then be calculated. 
Following Wybourne[l965] , this is usually done in the JM basis by writing: 
(fnaSLJ lziVcJifnalSL' J' J~) = 2::: B;(JnaSLJJz!V;lt~a'SL' J' J;)(JIIC(k)IIJ), 
(2.26) 
where 
(JIIC<kliiJ) = (-1?·7· ( 3 k 3 ,) 
0 0 0 
and by successive application of Wigner - Eckart theorem, 
(2.27) 
J' ) (Jn aS LJIIU(k) I lin a'S L' J') 
J' z 
and 
(JnaSLJIIV<k}llfnd SL' J') = 
l)"+L'+J+K J(2J + 1)(21' +I) { J J' 
L' L 
(2.28) 
k } S (JnaSLIIU(k)llfna'SL'). 
(2.29) 
The 3j and 6j symbols can be found in the tables Rotenberg et al[1959] while 
Nielson and Koster[1963] tabulates the reduced matrix elements. The crystal field 
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J:z+:z+o+oo) = -J2o) 
l!+o+o+oo) = +h/7/2v':l][l40}+ y'S/t4UH} + I•- 4))] 
l•+z+o+oo) =: t[v'5/zv':l][l4o} 0i!Oou} +It -4})1 
js+o+o+oo) -{1/2-./2][180) J1f2<16t) + 16 t))] 
Js+2+o+oo} = +lv'7/zv'2}[160)t ~(164) + 16 -4))] 
12+z+o+ooo) = -120} 
1z+z+z+zoo) = ti/-./2(122) + 12 -2)) 
lt+o+o+ooo) = +lv'7/2-/3}[140) + y'S/t4(1u) + 1-1- t))J 
l4+:z+o+ooo) = +[Vs/2-/3)[140)- 0i!O(IH} +It- 4})) 
l•h+zhoo) = ti/-./2(142) + 14'- 2) 
1s+o+o+ooo) -[1/2-./2}[160}- J1f2<1et) + Js- t))J 
1s+2+o+ooo) = +[v'7/2-./2][160)+ ~(IM) +IS -4))) 
js+2+2+2oo) = -[l/hli)[v'IT(I66) + 16- s)) + v'5(162) +Is- 2))) 
16+ o+2+ 200} = -[1/4 v':i][ -v'5( 166} + 16 - 6)) + ,fil(l62}+ 16- 2))) 
12+z+o+ooo) = -120) 
j:z+z+z+2oo) = ti/-./2(122) + 12- 2}) 
12+I+t+no) = -•/J?i{l21) -12 -1}) 
jt+o+o+ooo) = t[v'7 /2-/3][140) + ~(IH) t j4- mJ 
lth+o+ooo) = +!v'5J2-/3][1to)- 0i!Oou) + I•- 4))] 
lt+:z+z+:zoo) = tl/V:i(l42) + I•- 2) 
lt+l+t+no) = -•/4[v'7{1u) -14 -1)) +(Ita) -14 -3))] 
lt+I+t+no) = -•/4[(1u) -I• -1))+ v'7(lt3) -I• -3))] 
1s+o+o+ooo) = -[1/2v':i][lso)- J1f2064) + 16- 4))] 
1s+2+o+ooo) = +{v'7/2v':i][lso) + y'i/i"t(l64} + js- 4))] 
js+2+z+zoo) = -[1/tv':il[v'IT(!GS) + ts- 6)) + v'5(162} + 1s 2))] 
ts+oh+zoo) = -[l/tv':i][-v'5(166) + 16- s)) + VIT(I62} + Is- 2))) 
1s+t+1+no) = -•/1s{v'IT{Iss) -16-5))- .J6(161) -16 -1))5-/3{163} -Is -3))) 
1s+ ih +no) = -•5-/3/112[(165) - 16 - 5 )) + 11-Ji4il5(1s1)- 16 - 1)) + ..,/33/s{lsa) - 16- a))] 
The B: and xk>. paramolen ca.n be obtained u•ing lhe above lransformalions and lhe following relationship• bel ween the unit and 
spherical tensors: 
U 2 = -(7.2/v'3.5.7')C2 
U• = t(7.v':i/V7.TI)C• 
U 6 = -(7.2.stva.7.11.13JCa 
Table 2.1: Transformation between the point group and JM basis 
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operators mix states for which Jz =f:. J! with the result that J and Jz are no longer 
good quantum numbers and linear combinations of IJ Jz) states are required to 
describe the crystal field wavefunctions. 
This standard one electron parametrization of the crystal field has been highly 
successful in that good fits have been obtained for most of the spectra of RE ions 
in crystalline hosts. However, some anomalies still exist. For example, it has been 
found that parameters which give a good fit to the other multiplets of Pr3+ in 
LaCl3 and PrCl3 gives a rather large standard deviation for the 1 D2 multiplet 
(Margolis(196l],Yeung and Newman[l987]) . Examples of such deviations in other 
systems include the 3[{8 multiplet of Ho3+ in LaCh[Reid, 1987], 2 Hll of NJ-3+ in 
2 
LaC L3 and Y AG among others [Li and Reid, 1990] , Eu3+ in LaCl3 and GJ-3+ in 
LaCl3 [Dieke, 1968] . 
One promising approach towards resolving these anamolies is to include electron 
correlation effects in what is called the correlation crystal field (CCF) [Reid, 1987]. 
A detailed consideration of the CCF formalism is beyond the scope of this work 
but a subset of the CCF i.e spin correlated crystal field (SCCF) will be discussed 
since it will be required to resolve the difficulties with fitting the 1 D2 multiplet 
spectral data. Judd(1977] pointed out that 4f electrons with parallel spins lead to 
a contracted radial wavefunction and therefore smaller crystal field parameters. To 
include the SCCF, the spherical tensors of the standard crystal field are replaced by 
(2.30) 
and as a result, the reduced matrix elements (JnSliiUkiiJn S' L') are modified to 
(2.31) 
The introduction of the new parameters, bk fork 2,4,6 seemed to improved matters 
quite considerably in some cases. The SCCF is still by far the most successful 
improvement and has been used in the analysis of many RE's in crystalline hosts. 
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2.2 Electron Phonon Interaction 
So far no mention has been made of the dynamics of the lattice or the ligands around 
theRE. In fact, the electronic states of theRE couple with both the lattice phonons 
and localized modes of any lighter ligands present. The emphasis of this work is on 
the electronic states of theRE, however, features of the interaction between theRE 
electrons and the phonon states are apparent in the spectra as additional phonon 
bands of distinct vibronic levels and in the broadening of the higher levels in a 
multiplet. A discussion of this interaction therefore seems appropriate. For a more 
detailed theoretical discussion, the work of Pollack et al [1962] and Newman[1973] 
can be consulted. This section discuss only the vibronics originating from the mod-
ulation of the crystal field by the local mode phonons of hydrogenic ions. 
A hydrogenic ion vibrating in a cubic lattice can be treated as a single particle 
moving in a three dimensional anharmonic potential well of octahehral or tetrahedral 
symmetry. The general Hamiltonian for such a particle is 
p2 
Hvib = 2m+ (1/2) 2: AiiQiQi + 2: BiikQiQiQk + 2: CiiklQiQjQkQI + ....... , (2.32) 
where the first term is the kinetic energy of the ion and the Qi's are the normal 
vibrational coordinates. The first two terms are those of a harmonic oscillator and 
the rest are the anharmonic terms. The exact form of the Hamiltonian is determined 
by the point group of the site in which the ion moves. The wavefunctions of a 
three dimensional harmonic oscillator are ln:vnynz} where the integers n:v, ny and 
nz represent the occupational numbers of the x,y,z oscillators and the associated 
energies are given by : 
(2.33) 
The anharmonic terms can be treated as perturbations on the harmonic oscillator 
and wavefunctions for the anharmonic states are constructed from the linear combi-
nations of the harmonic oscillator wavefunctions which transform as the symmetric 
representation of the point group. 
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The electron-phonon interaction Hamiltonian is written as: 
Vev = L JiQi + L 9ijQiQj + ......... (2.34) 
i i,j 
where fi and 9ii are functions of the 4f electronic coordinates and Qi are the nor-
mal vibrational coordinates, which transform according to a particular irreducible 
representation of point symmetry of theRE centre. For light ions, the normal coor-
dinates are just the ion displacement X,Y ,z and these can be expressed in terms of 
coordinates, which can be resolved into creation and annihilation operators at and 
a: 
(2.35) 
where mi is the light ion mass, Wi the angular frequency and 
aJ.ni .. ) Jnil .. ni- 1..) 
atd .. ni .. ) Jni + lj .. ni + 1..) 
aiatdni) (ni + l)jni) 
atiadni) ndni)· (2.36) 
The combined Hamiltonian of the electronic and vibrational motion produces vi-
bronic states which are products of the electronic !¢>) and vibrational wavefunctions 
j .. ni .. ) of the form 
(2.37) 
The energy shift of the vibronic states due to the electron-phonon interaction is : 
(2.38) 
where the first and second term are the first and second order perturbation energy 
shifts respectively. To evaluate the first order perturbation shift, equations 2.35 and 
2.36 are used to give: 
(<PigijQiQii<P) (¢>l9iil¢>)( .. ni .. jatiai + aiatij .. ni .. ) X 1i/2miWi 
- (¢>l9iil¢>)(2ni + 1)1i/2miwi. (2.39) 
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The second order perturbation term involves the intermediate states ! .. ni + 1..) and 
1 .. ni- 1..) and is obtained as follows : 
(2.40) 
An assumption that E,p E1/J ~ nwi is made in the last step . 
2.2.1 Irreps of Vibronic States 
The irreps of the various vibronic states can be determined using the group multi-
plication tables. As an example, consider the coupling of the electronic ground state 
of the Pr3+ ion in a C4v symmetry site, with the local modes of a hydrogenic ion 
also in a C4v symmetry site. The ground state of the Pr3+ is doubly degenerate and 
has a 15 irrep while the z and (x,y) local modes have irreps /I and 15 respectively. 
The following vibronic states arises: 
11 X '"Ys '"'/5 (2.41) 
Coupling with the z local mode retains the two fold degeneracy of the electronic 
state while coupling with the (x,y) local mode yields four levels. A schematic of 
the vibronic levels is shown in figure 2.1. The vibronic levels of a C8 center which 
descended from a C4v center has irreps also shown in figure 2.1. 
The electron-phonon interaction can also account for the phenomena of isotope 
shifts of energies of the electronic transitions of hydrogen centers with different 
n- isotopes, for the local mode frequency shifts of vibronics coupled to different 
electronic levels and, for the splitting of the (x,y) local mode [Reeves, 1987] 
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2.3 Selection Rules and Polarization in the Mixed 
Alkaline Earth Crystals 
RE ions are usually doped into a regular crystal lattices with well defined site sym-
metry. In most crystals such as LaF3 (C2) and LaCl3 (D3h), the crystal c-axis 
corresponds to the principal axis for the symmetry of the environment experienced 
by the RE and well defined polarization effects are expected. For the case of RE ions 
in the cubic lattice of C aF2 and Sr F2 , there are a number of equivalent orientations 
for the principal axis of a chosen symmetry site. It is therefore not immediately ob-
vious if any net polarization effects would be present. Careful analysis of the C3v 
and C4v symmetries in an overall cubic lattice, with 8 and 6 equivalent orientations 
respectively, revealed that well defined polarization effects may be observed. These 
effects are documented elsewhere (Cockroft et al.[l986] and Reeves et al. [1991]) . 
This work is concerned principally with the deuterium and fluorine Pr3+ Cs and 
C211 centers in the mixed alkaline earth fluoride crystal systems. The polarization ra-
tios expected for these centers in a cubic lattice are detailed this section. Discussion 
of particular site symmetries present in Pr3+ mixed alkaline earth crystals is first 
given in section 2.3.1. Section 2.3.2 presents the selection rules and the polarization 
ratios expected for the Cs and C2u centres. One aspect which has not been dealt 
with in other work is the geometrical aspects which would lead to the departure of 
the observed from the expected polarization behaviour. The pattern of polarization 
degradation for the C4v center will also be discussed in section 2.3.3 . 
2.3.1 Symmetries for RE3+ ions the Mixed Alkaline Earth 
Crystals 
The basic alkaline earth fluoride cubic lattice and the C4u center environment has 
been introduced in chapter 1. Just as the C4v centre is due to the cubic symme-
try being lowered by the presence of the p- ion in the nearest interstitial position, 
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the lowering of the C4v symmetry to C2v or Cs symmetry is brought about by the 
inclusion of foreign cations close to the RE ion in a tetragonal symmetry crystal 
field. Surrounding a RE ion in a cubic symmetry site are 12 cations in the nearest 
neighbour (NN) position and 6 cations in the next nearest neighbour position form-
ing the NN and NNN cation spheres (fig. 1.4). If dopant. AE ions replace any of 
these host cations, the number of resulting arrangements and inequivalent symme-
tries is dependent on the original symmetry. (Table 2.2) . It is obvious that if too 
many of the host cations in the NN and NNN sphere are substituted, the number of 
inequivalent symmetries increases rapidly, making a complete analysis impractical. 
Idealized diagrams are shown in figure 2.2 for some possible inequivalent symmetries 
derivable from a parent C4v symmetry centre. Attention is focussed on the centers 
derived from such a C411 centre because this is the expected dominant species in 
C aF2 and Sr F2 crystals with low concentration ( < 0.05 percent) of Pr3+ doping. 
There are two possible orientations for both the C8 and C211 centres and these are 
distinguished by their O"v reflection planes, i.e. they are at 45° to each other. Labels 
given to differentiate these different geometries are C8 (a) , C8 (b), C2v(a) and C2v(b) 
(fig. 2.2). 
The formula of these mixed crystals are of the form At-:rBxF2 : Pr3+ where 
A specifies the host cation and B the dopant alkaline earth (AE) cation. In this 
study, A is Ca2+ or Sr2+ and B is either Ca2+ , Sr2+ or Ba2+ . The subscript 
x is the AE dopant concentration with values ranging from 0.005 to 0.03 i.e 0.5 
to 3%. In the Raman studies of the CaxSr1_xF2 and Sr:rBa1_xF2 mixed crystal 
systems [Chang et al., 1966], a single Raman-active mode was observed to have a 
frequency that varies linearly with dopant concentration from x = 0 to x = 1. In 
the same study, the x-ray diffraction pattern obtained of the mixed crystals revealed 
only diffraction lines of a fcc1 lattice. The x-ray diffraction and Raman data, taken 
together demonstrates that the mixed crystals are homogeneous and random solid 
solutions. The statistical relationship 
(2.42) 
then provides a quantitative idea of the fraction Pn of all the cation spheres in the 
1face centered cube 
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crystal with n foreign cations in both the NN and NNN spheres at x value of doping. 
A graphical representation of this is shown in figure 2.3. This means that in the 
concentration regime of less than one percent doping, about 16 % of all the cation 
spheres are affected by a foreign cation substitution. Of these, at least 94 % would 
have only one of the cation replaced. 
Number of possible Number of possible inequivalent symmetries 
n arrangements from the following parent centers 
Cubic Trigonal Tetragonal 
1 12 1 3 3 
2 66 4 13 13 
3 220 9 44 35 
Table 2.2: Number of inequivalent symmetries when ions in the NN cation spheres 
are substituted by n foreign cations [Aizenberg et al., 1975] 
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2.3.2 Polarization Behaviour 
The three orthogonal components of the electric dipole operator x,y and z transform 
as a particular irrep under a given point group. In the C4v point group, they may 
transform either as 15 (x, y) or 11 (z). For the Cs symmetry, they transform as 
{1 (x or y) or {2 (z) and for the C2v symmetry, they transform as 12 (x) ,{4 (y) 
or {l (z). The requirement for a non vanishing transition probablity between two 
states Ia) and I b) with irreps r a and rb is : 
(2.43) 
where roP is the irrep of the dipole operator. As an example, for a C4 v center, the 
emission transition {l -+ 15 requires the dipole operator to have an irrep of 15 i.e. 
the radiation emitted is perpendicular to the c4 axis of the center. 
For any polarization effects to be observed at all, it is necessary that the crystals 
are prepared suitably orientated, usually [1 00). The geometry of the laser polariza-
tion and crystal fluorescence relative to the crystal [100] face must also be correctly 
chosen. Figure 2.4 displays the relative positions of all the elements of interest. The 
E-vector of the laser was arranged to have polarization either in the Z or Y direc-
tion, henceforth these two directions are referred to as Ez or Ey. Using an analyzer 
which can be rotated, the emission strength of fluorescence in different directions 
of polarization can be recorded. The simplest arrangement is to have the analyzer 
aligned along the two orthogonal X or Y directions. A compact standard convention 
to specify these orientation geometries is X ( AB }Z, where X is the direction of propa-
gation of the incident laser beam , Z of the observed fluoresence and A ,B designate 
the polarisation direction of both the laser and observed fluoresence respectively. 
The important quantity is the ratio of the observed fluorescence intensity for the 
analyzer aligned along the X and Y directions. and this ratio shall be referred to 
as the polarisation ratio, {AX):( A Y}, where A is either Y and Z. The labels outside 
the brackets, X and Z are omitted since they are always the same in this work. 
Table 2.3 gives the polarization selection rules for the Cs centre. In the [100] 
oriented crystal used, the two Cs(a) and Cs(b) geometries give different polarisation 
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ratios as shown in table 2.4 . Table 2.5 and 2.6 give similar information for the C2v( a) 
and C2v(b) centres. Appendix A present details on how the ratios are obtained. The 
1r and (J' labels indicate the emitted or absorbed polarizaton as being either parallel 
or perpendicular to z-axis of the centre. The z-axis for the C8 centres is chosen to 
be perpendicular to the reflection plane while for the C2v centres, it is the C2 axis. 
From the predicted ratios one can deduce the irreps involved in a particular ob-
served transition. For example, if the assumed symmetry is Ca(b) and a (YX):(YY) 
ratio of 0:1 is observed, then the possible transitions are between states with irreps 
11 --+ /2 for the absorption and 12 --+ 11 for the emission or vice versa. If the excited 
level has a 11 irrep, then the ground level can only be a 12 irrep. 
In deriving the polarization ratios, the geometry of the participating elements are 
assumed to be perfect. Some deviation from the ideal ratios is however inevitable. 
The mixed crystals can be orientated to within about 3 degrees at best. Accuracy 
of the optical alignment is hard to estimate, as are aberrations of the lenses and 
they would introduce further deviations. A quantitative idea of the way the polar-
ization ratio is degraded with departure from the ideal geometry may be gained if 
the incident E-vector is allowed to have zenithal and azimuthal angular variations 
from the crystallographic axis with respect to which it was suppose to be perfectly 
aligned. The polarization ratios will now be a function of the two angular variables. 
These ratios are given in figure 2.5 for the C4 v symmetry as contour plots, with 
8 and <P as the zenithal and azimuthal angular deviation respectively. Details of 
the trigonometric expressions from which these plots are obtained can be found in 
appendix A. 
From plots in figures 2.5 a picture emerges of how each angular parameter affects 
the polarization ratios. For a C4v center under the [(]', 1r] 2 and [1r, (J'] cases, the 
expected ideal (YX):(YY) ratio of 1:0 is affected by both 0 and </J. At 0 and <P 
equal to approximately 87 and 3 degrees, the expected ratio of (YX):(YY) is only 
10:1. For the [(]', (J'] cases the <P angle variation on the whole does not change the 
2( (J' absorption and 71' emission ) 
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Table 2.3: Polarization selection rules for the Cs centre 
/1 CJ' xy 7r 
/2 7r CJ'xy 
Table 2.4: Relative polarization intensities of electric dipole transitions predicted for 
the Cs centres in a [100] oriented crystal. The propagation direction of the incident 
laser beam is X and of the observed fluoresence is Z for all cases, hence these labels 
are excluded. 
Cs(a) centre Cs(b) centre 
Pump Decay 
transition transition (YY) (YX) {ZY) (ZX) (YY) (YX) (ZY) (ZX) 
/1 -+ /1 /1-+ /1 as; ~ 1 1 1 0 (YX) 1 < (YY) < 2 1 1 
/1-+ /2 ~>1 
-2 1 1 0 1 1 1 
/1-+ /2 /2-+ /1 2 1 1 1 1 0 0 0 
/2-+ /2 {YX) > 1 (YY) - 2 1 1 0 1 1 1 
/2-+ /2 /2-+ /1 twt > 1 
-2 1 1· 0 1 1 1 
/2-+ /2 o < tr;J :::; 1 1 1 0 (YXJ 1 < (YY < 2 1 1 
/2-+ /1 /1-+ /1 twt >! 
- 2 1 1 0 1 1 1 
/1 -+ /2 2 1 1 1 1 0 0 0 
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Table 2.5: Polarization selection rules for the C2v centre 
C2v 11 12 13 14 
11 1r <J'x <J'y 
'/2 <J'x 1r <J'y 
13 <J'y 1r <J':r; 
14 <J'y <J'x 1r 
Table 2.6: Relative polarization intensities for electric dipole transitions predicted 
for the C2v centres in a (100] oriented crystal for electric dipole transitions. The 
labels a,b and c correspond to (1,2,3,4) , (2,1,4,3) and ( 4,3,2,1) respectively. For 
example, Ia -+ lb would include the transitions 11 -+ 12, 12 -+ Ill 13 -+ 14 and 
/4-+ 13· 
C2v(a) centre C2u(b) centre 
Pump Decay 
transition transition (YY) (YX) (ZY) (ZX) (YY) (YX) (ZY) (ZX) 
Ia -+/a Ia-+ Ia 1 0 0 0 1 0 0 0 
Ia -+ lb 0 1 1 1 0 1 1 1 
Ia -+ /c 0 1 1 1 0 1 1 1 
Ia-+ lb Ia -+/a 0 1 1 1 0 1 1 1 
/a -+ /b 2 1 1 1 1 0 1 0 
/a -+ /c 2 1 1 1 0 1 0 1 
Ia -+ lc Ia-+ /a 0 1 1 1 0 1 1 1 
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observed ratio as much as the () angle variation and the overall departure from the 
ideal (YY):(YX) ratio of 2:1 is not as rapid. In the [1r, 1r] case, the ideal (YY):(YX) 
of 1:0 is affected only by the angle 0. 
2.3 Selection Rules and Polarization 35 
IOOl}( It) 
Zt(x) (It+ 12 + Ia + 14) llOO)(Is) 
Z1 (Is) (Is) IOOO)( ll) 
Electronic Ground State Vibronic States Local Mode Phonon States 
Figure 2.1: Vibronic states from the coupling of the hydrogenic C4v ground state 
with the local mode phonons 
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Figure 2.2 Models of some low symmetry sites derived from the parent C4 " centre when a. foreign alkaline earth 
cation substitutes that of the host in the NN and NNN position. 
(a) NN replacement by one foreign cation; (i) C,(a) centers; (ii,iii) C$(b) centers 
(b) NNN replacement by one foreign cation; (i) C,(b) centre; (ii,ili) C4v centers 
(c) NN replacement by two foreign cations; (i) C2v(a) centers ; (ii,ili) C211 (b) centers 
See text for description of labels for centers. 
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AE Dopant Concentration ( x) 
Figure 2.3: Graphical representation of fraction Pn of NN and NNN cation spheres 
with n number of foreign cations as a function of AE dopant concentration x (See 
equation 2.42). 
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Figure 2.5 : Expected polarisation 
ratios for the C4v center as the 
E-vector of the laser radiation 
deviates by (} and tP degrees from 
the crystallographic (100) axis (see 
figure A.7) under the following 
[absorption, emission] conditions: 
(a) [1r,1r] -(YY:YX of 1:0) 
(b) [u,7l']- (YX:YY of 1:0) 
(c) [u,1r]- (YY:YX of 2:1) 
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Chapter 3 
Experimental Methods and 
Instrumentation 
This chapter comprises four sections discussing in turn the preparation of the crystals 
(3.1) and the cryosystem (3.2), the C.W. argon ion pumped dye laser system (3.3) 
and the pulsed dye laser system (3.4). 
3.1 Crystal Preparation 
All crystals in this work were grown by the author using the Bridgman-Stockbarger 
technique. Stock material of CaF2 , Sr F2 and BaF2 crystal offcuts , purchased 
from Optovac Inc., was crushed into tiny grains. The charge material consisting of 
these AE fluoride crystal grains and the dopant in the form of Pr F3 powder was 
transferred to the bore of a cylindrical graphite crucible of 20cm outer diameter, 10 
em bore and 40cm length. The bottom of the bore consists of a cone approximately 
1-2 mm deep. The crucible was slowly lowered through a temperature gradient 
in an Arthur D. Little RF furnace evacuated to a pressure of less than 10-4 torr. 
For successful crystal growth , the temperature profile should consist of a gradual 
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descent, a sharp decrease followed by another gradual descent (Landise[1972J). This 
profile was created on a graphite cylinder (150mm long, 35mm inner diameter) 
heated inductively by a 12 turn coil with a power setting of approximately 6.5kW. 
The crucible was lowered through the graphite cylinder at a rate varying from 4 - 8 
mm per hour. 
A layer of insulation fibre is placed between the coil and this graphite cylinder. 
Several different fibre blankets were tried. Fibrefrax1 (96 kg/m3 ) gave the best 
results both in terms of thermal durability and consistency of crystal quality. The 
Kaowool High Duty Blanket2( density 96 kg/m3 ) worked moderately well but often 
produced single crystals with polycrystalline formation in the top half. The 128 
kg/m3 version of the same Kaowool proved totally unsatisfactory and appeared to 
be performing below the manuafacturers specification of 1400°C as the maximum 
recommended temperature for continuous use. 
Single crystal boules were cut into 2 -3 mm slices using a rotary diamond saw 
and parallel fiats were ground on two opposite ends of each slice. All the surfaces 
of the crystal slices were initially polished using various grades of abrasive paper 
and then given optically smooth surfaces by polishing with number 800 grit silicon 
carbide grains on the rough side of a piece photographic paper with water as a 
lubricant. The (111) cleavage planes (fig. 3.1) of the cubic AE fluoride crystals 
provided a reference for orienting the crystals for polarisation work. For the parent 
AE fluoride crystals doped with low concentration of Pr3+, well defined cleavage 
planes were usually obtained. The mixed AE fluoride crystals are more brittle and 
less tolerant to mishandling when they were being cleaved or cut. They may yield 
badly formed planes or shatter when cleaved or may spontaneously cleave when cut. 
These difficulties were most frequently encountered in crystals doped with Ba2+. 
When it was not possible to obtain two clean (111) planes for mounting, the plane 
with the best cleavage was then used as a reference with the less well formed plane 
grounded and smoothed to fit the mount. 
1 Union Carbide, USA 
2M organite Ceramic Fibres Ltd Australia 
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Figure 3.1: The intersecting (lll) reference planes (shaded) used for orienting the 
crystals. 
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The crystals were deuterated using the process prescribed by Hall and Schu-
macher [1962}. This process involved heating the crystal in the presence of molten 
aluminium and up to one atmosphere of deuterium. The crystal and aluminium 
were thoroughly cleaned with acetone beforehand to remove any residual grease. 
Two pieces of aluminium coil sandwiched the crystal , which was placed in a alu-
mina crucible and lowered to the bottom of a quartz tube. The tube was attached 
to a gas filling and evacuation system (fig. 3.2). Normally the system was flushed 
twice with deuterium, after which a partial deuterium pressure of 20mmHg was 
introduced. A temperature of 850°C was then maintained for 36 - 72 hours in a 
cylindrical furnace where the length of the quartz tube was inserted. After that 
time, all the samples were either quenched at room temperature or annealed if they 
consistently did not survive the quenching process. Mixed crystal samples, espe-
cially those doped with Ba2+ were more brittle after the hydrogenation process and 
hence they were mostly annealed. 
3.2 Cryosystem 
For spectroscopic studies, it was necessary to cool the crystal samples to tempera-
tures as low as lOK, and for this, a CTI-Cryogenics Model 21 C two-stage closed-cycle 
helium refrigerator was used. The crystal holder consisted of a 35mm long copper 
plate attached to a circular base which mates with the cold head of the refrigera-
tor. There were two 2mm slots on the plate, 15mm apart. Two crystals could be 
mounted at a time, and lying across each slot. This arrangement allowed observa-
tion of the emission in two opposite direction. The emission in one direction could 
be used to measure the fiuoresence spectra while the broadband emission could be 
measured in the other direction. Indium foil was used to provide improved thermal 
contact between surfaces. Precise temperature control of the block to O.lK was pos-
sible with a Model4025 Cryogenic Thermometer/Controller manufactured by Palm 
Beach Cryophysics Inc. This unit sensed the temperature measured by a silicon 
diode located at the base plate of the cryosystem second stage and regulated the 
temperature by adjusting the width or frequency of the current pulses to a heating 
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Figure 3.2: Gas filling and evacuation system used for hydrogenation of crystals 
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element. Most spectral features in this work remain unchanged by temperature in-
creases up to 25K and the majority were recorded at a nominal temperature of 11 K 
as read from the cryogenic controller unit. 
3.3 LSE on the CW laser system 
A Spectra Physics model 171 , 15W argon ion laser tuned to peak at 514.5 nm, 
with typical power settings around 2 watts pumped a Spectra Physics model 375 
dye laser. The peak output of the dye laser using fresh Rhodamine 590 dye started 
at approximately 150m W and decreased · with dye age. The rate at which the 
power drops depend on the amount of usage and the dye is usually changed when 
the peak output falls below GOmW. The measured bandwidth of the dye laser was 
approximately 0.5cm-1• The addition of a three plate birefringent filter rotated by 
a 0.5mm/rev micrometer shaft substantially improved the perfomance of the model 
375 unit. The micrometer could be driven manually , electronically3 or by computer 
control4 • A mechanical reproducibility of better than w-3mm in the micrometer 
drive was apparent. The frequency output using this scanning system was linear 
over the whole Rhodamine 590 lasing range and could be reset to within lcm-1 
between sucessive electronically controlled scans. 
To obtain broadband excitation spectra , the crystal fluoresence was collected 
by a lOcm focal length lens focussed onto a 1/4 metre Bausch and Lomb monochro-
mator with slits set to give a bandpass of approximately 3nm. The grating was 
adjusted to the 625 - 640 nm range to monitor the fluoresence transitions from the 
1 D 2 multiplet to the broad upper levels of the 3 H4 multiplet and to reject the laser 
pump frequencies. Red Corning filters ( CS2-64 and CS2-61) were sometimes used 
to provide further rejection of the laser frequencies. The signal from a thermoelec-
3drive unit and mechanical couplings were designed and built by Ross Ritchie and Wayne Smith 
respectively. 
4software added by the author to include routines to drive the stepper motor. 
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trically cooled ( -25°C) Thorn EMI 9558 PMT5 with an S20 response was recorded 
by a Keithley Instruments 610B Electrometer which gave an analogue reading cor-
responding linearly to the fluorescence intensity. The electrometer output was digi-
tised by a voltage to frequency converter, together with a frequency counter with a 
dynamic range of 0 - 26000 counts, to give an immediate digital display of fluores-
cence strength. An A/D converter also digitised the electrometer signal for storage 
and display by an Apple lie computer. In the studies of the bleaching hydrogenic 
centres, the electrometer signals were directed to a strip chart recorder. 
The emission spectra were measured using a 0.85m focal length SPEX 1403 
double monochromator. This spectrometer was equipped with two 1800 grooves/mm 
gratings blazed at 500nm. The specified dispersion was 10cm-1 /mm at 514.5nm. To 
equalize the gratings response to different light polarisation , a Hanle quartz wedge 
polarisation scrambler was placed over the input slit of the spectrometer. An RCA 
C31034 PMT themoelectrically cooled to -25°C was used with this spectrometer, in 
conjuction with a Princeton Applied Research model1121 discriminator and model 
1112 photon counter module. A parallel interface from the module to the Apple 
Ile provided the means for recording photon counts. Scanning of the Spex1403 was 
done directly through a Spex industries CD2A driver or indirectly via the Apple lie 
controlling the driver. 
In the measurement of polarised spectra, the dye laser polarisation was set by a 
Spectra Physics 310 polarisation rotator. An ordinary polaroid sheet mounted on 
a rotating frame served as an analyzer in the visible region while an HRB polaroid 
sheet was used in the infrared region for monitoring the emission polarisation. These 
were placed between the collimating and focussing lens of the collection optics. 
A mechanical chopper with a non-linear response of angular speed vs voltage 
was used for time resolution laser selective excitations. Figure 3.3 gives the details 
of this chopper. The adjustable cones together with the variable speed allow some 
control of the gate width and the gate and sampling period separation. A maximum 
switching rate of approximately 200Hz gave a minimum gatewidth of 600fLs which 
5 PMT-photomultiplier tube 
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limit its usefulness to study of transitions with fiuoresence lifetimes longer than a 
few hundred microseconds. Its use for studying the F- centres was therefore more 
succesful than those of the more rapidly decaying n- centres. 
3.4 LSE on the pulsed laser system 
A Photochemical Research Assn. Inc. model LNIOOO nitrogen laser, pumping a 
model LN107 tunable dye laser, provided the excitation source for pulsed studies. 
The output of the N2 laser at 337.1nm provided pulses with an average energy of 
lmJ , a FWHM6 of 600ps and variable repetition rates up to 20Hz. A selection of 
dyes (Coumarin 460, Coumarin 480 and Rhodamine 640) were used to cover a 400 
- 610 nm wavelength range with a output bandwidth of 0.04nm and a maximum 
average pulse energy of lOOuJ. A model DD1790 drive unit is used to scan the dye 
laser . 
For lifetime measurements, the Bausch and Lomb photodetection arrangment as 
described in section 3.3 was used. The anode of the 9558 PMT was connected to 
a Stanford Resarch Systems Inc. SR250 Gated Integrator Boxcar with a 50!1 cable 
and a matching termination. An RCA 931A PMT with a Sll response monitoring 
the N2 laser pulses was used to trigger the boxcar. The signals could be amplified 
or filtered by the boxcar before being directed to a model SR235 Analog Processor. 
The signal amplified on the analog processor was then collected by an IBM PC via 
a model SR245 Computer Interface. A TTL synchronizing pulse from the BUSY 
output of the boxcar when it was triggered was first received by channel 1 of the 
SYNGH input at the SR245 which then signaled the PC to begin data acqusition. 
Gate delays appropriate for a particular transient were automatically varied in a 
time scan by supplying a voltage ramp at the EXTERNAL DELAY CONTROL 
input of the boxcar. This analogue ramp was generated by the PC through channel 
8 of the computer interface. The width of the gate was set between 5- 15J.Ls to suit 
the lifetime of the transient. 
6full width at half maximum intensity 
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Figure 3.3: Mechanical chopper system for time resolution measurements. 
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The SR265 software was sufficiently versatile to allow wavelength scans rather 
than time scans with some modification of the hardware and software. These modi-
fications were carried out here to allow all the experiments which were being run on 
the C\V system to be done on the pulsed system7• A new serial line from the second 
port (COM 2) of the IBM PC was configured to communicate with the DD1790 
drive unit. This allowed the IBM to control the driver unit while still having data 
reception at port COM 1. It would have been possible to disable the EXTERNAL 
DELAY CONTROL by modifying the software, but it was much more straight-
forward just to unplug channel 8, which effectively put the delay control back on 
manual control through the boxcar. Each synchronizing pulse then initiated data 
acquisition and stepping of the grating on the dye laser without moving the preset 
gate delay. A subroutine was written to provide the control characters which drove 
the DD1790. 
Using this modified system, broadband excitation fluoresence could be performed 
using the same arrangement as that previously described with the Bausch and 
Lomb. Selective excitation however was performed with the 0. 75m SPEX1700 sin-
gle monochromator with the same 9558 PMT tube being used. The grating fitted 
was blazed at 750nm with a dispersion of 1.06nm/mm. A 5 - 10% intensity jitter 
of the N2 laser pulses limited the sensitivity of this system for detecting weaker 
signals. Some improvement was possible by using the ARGUMENT FILTER on 
the the SR235 analogue processor to smooth the signal electronically by rejecting 
the higher frequency signals. Since only the transition intensities and not lifetimes 
were required during an excitation scan, it was advantageous to remove the 50!1 
termination. This provided a much stronger and smoother signaL 
7Modifications carried out by the author 
Chapter 4 
Laser Spectroscopy of the Mixed 
Crystal Fluorine Centers 
When the Pr3+ dopant level is low ( < 0.05%) in the CaF2 and SrF2 hosts, the C4v 
center with an F- anion in the NN interstitial, is the most energetically favourable 
center [Corish et al, 1982] . The predominant features in the excitation spectra 
of these crystals are those belonging to the C4 v center, which has been thoroughly 
studied by Reeves[l987]. The mixed crystal centers are derived from these parent 
C4v centers by the additional of further alkaline earth dopants, which lowers the C4v 
symmetry. These mixed crystal centers were found to have four common spectral 
characteristics base mainly on the polarisation features they display. The spectro-
scopic results from studies of the mixed crystal fluorine centers in the four mixed 
crystal systems Cat-xSrxF2 : Pr3+, Cat-xBaxF2 : Pr·3+, Srt-xCaxF2 : Pr3+ and 
Sr1_xBaxF2 : Pr3+, are presented in sections 4.1, 4.2, 4.3 and 4.4, respectively. 
Discussions of possible models for the mixed crystal centers are also given. 
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4.1 Mixed Crystal Centers in Cal-xSrxF2 Pr3+ 
4.1.1 The Excitation Spectra 
Optical absorption is the most straightforward way of determining the relative dis-
tributions of different types of centers. However, in the case of Pr3+, the absorption 
transitions from the 3 H 4 to 1 D2 multiplet are quite weak, being spin forbidden. 
The excitation spectra reveal the same tran~itions, which can be recorded at much 
greater sensitivity for both the C4v center and its modifications because they are 
effcient emitters. Excitation spectra were therefore preferentially used to determine 
the absorption lines of the centers present. 
Broadband excitation spectra of the Ca 1_xSrxF2 : Pr3+ crystal system are pre-
sented in figure 4.1. The excitation spectra of transitions to the two lowest levels, 
D1 and D2 of the C4v center in the 1 D2 multiplet appear as sharp and intense lines 
in the parent crystal (fig.4.l(c)), with the satellite lines of the mixed crystal centers 
readily apparent. It is evident that the parent CaF2 : Pr3+ crystal showed traces 
of the same satellite lines, indicating the presence of the Sr2+ dopant alkaline earth 
cations as inadvertent trace impurities in the crystal growing materials supplied. 
At 0.5% concentration of the Sr2+ dopant (fig4.l(b)), the line labelled K in 
fig 4.1 (c) present in the parent crystal was absent while the line labelled L had 
diminished in strength. As the concentration of the alkaline earth dopant increased 
from 0.5% to 1%, the satellite lines become stronger while the line L grew even 
weaker. The centers giving rise to the K and L features will be discussed at the 
end of this section. A general broadening of linewidths was also observed to occur 
with increasing concentration of the alkaline earth dopant. This inhomogeneous 
broadening of the lower levels in a multiplet is attributed to the static lattice strain 
and the variety of centers inherent in all crystals with chemical impurities . 
The excitation spectra of each of the P1·3+ centers were seperately recorded by 
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monitoring a single isolated fluorescence line of each center in turn (fig. 4.2). Two 
spectral pattern types are apparent. The first resembles that of the C4v center 
with just two excitation lines D1 and D2 of the 1 D2 multiplet, consistent with an 
unchanged Pr3+ C4v site symmetry (fig. 4.2(b)). 
The second spectral pattern consists of four excitation lines to the D1 and D2 
levels (fig. 4.2(a) and (c)), from the splitting of the ground state /s level of the 
parent C4v center, which would occur for any Pr3+ site symmetry lower than that 
of the parent C4v center (fig. 4.3). One or more dopant alkaline earth cations, 
located in either the NN or NNN cation spheres in a position not along the C4 axis 
of the C4v center, would lower the symmetry of the parent center to give the four 
lines observed in the excitation spectra of the lower symmetry centers. The choice 
of ground state irreps for a lower symmetry center derived from a parent C4v center 
is restricted to 11 or /2 for the Cs symmetry configurations and /2 or /4 for the C2v 
symmetry configurations. 
4.1.2 The Polarised Fluorescence Spectra 
For each of the distinct centers found in the excitation spectra monitoring a specific 
transition, the polarised fluorescence spectra from the D1 level to the 3 H4 ,3 H5 ,3 H6 
and 3 F2 multiplets will be discussed. Since it is useful to compare the polarised 
fluorescence spectra of these centers, transitions to a particular multiplet for each 
of these centers will be discussed simultaneously. 
The 3 F2 multiplet 
This multiplet has the simplest spectral features as, with a J value of two, it can 
have a maximum of five lines. Three distinct polarisation patterns emerged in the 
fluorescence spectra of the three mixed crystal centers (fig. 4.4). The first clearly 
shows (YX):(YY) polarisation intensity ratios close to 0:1 or 1:0 (fig. 4.4(a)(i)) in all 
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(a) 
A2 
(b) 
L 
(c) L 
16700 17000 
Figure 4.1 Broadband excitation spectra ofthe Ca1-xSrxF2 : Pr3+ crystals, monitoring the D -+ Z 
transitions at IlK. 
(a) 1% Sr2+ doping (b) 0.5% Sr2+ doping (c) undoped parent CaF2: Pr3+ crystal. 
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Figure 4.2 Selective excitation spectra of the mixed crystal centers in the 0.5% Sr2+ doped CaFz cr: 
at llK obtained by scanning the dye laser and monitoring specific transitions. 
(a) the A3 center monitoring 14622cm-1. (b) the A2 center monitoring 14614cm-1• 
(c) the Al center monitoring 14605cm-1• 
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its transition. Further, the D1 -+ W3 (11437cm-1 ) and the D1 -+ W5 (11422cm-1 ) 
transitions were extinguished in both the X andY analyzer directions (fig. 4.4(a)(ii)) 
when the laser polarisation was switched to the Z-direction. Centers exhibiting these 
polarisation behaviour of transitions are classified as Al type centers. 
The second polarisation pattern is similar to that for the C4v parent center with 
observed (YX):(YY) ratios of approximately 1:0 and 1:2 (fig. 4.4(b)). This center is 
classified as the A2 type center. The third type is classified as the A3 type center, 
which has similar polarisation ratios to the C4v center but clearly has more lines 
(fig. 4.4( c)), as a result of the single C4v doubly degenerate W3(J5 ) level being . 
split into two distinct levels. With the laser polarised Ez, both the A2 and the A3 
centers exhibit little intensity difference for their transitions, comparing the X and 
Y polarisation directions1 • 
All mixed crystal system centers display only one of four polarisation patterns 
and are thus classified accordingly as Al ,A2 or A3 centers, with the fourth type, the 
A4 center discussed in section 4.4 
Using the selection rules and tables 2.3 to 2.6 together with knowledge of the 
irreps allowed for the ground state, some idea of the geometry of the three mixed 
crystal centers can be gained. The Cs(b) configuration with a /z ground state is the 
only possible configuration, whichwould explain the observed polarisation behaviour 
of the Al center. The polarisation behaviour observed for the A2 center is consistent 
with a C4v symmetry Pr3+ site in the alkaline earth cubic lattice. For the A3 center, 
the present set of data appears to indicate a model with a C2v( a) site configuration 
with a 12 or 14 ground state. Contradictions exist with regards to this assignment 
and these are discussed in section 4.1.3. 
1Refer to chapter 2 for the definition of Ez, X andY polarisation direction 
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The 3 H6 multiplet 
The (YX):(YY) ratios of 1:0 and 0:1 which are characteristic of the A1 center are 
apparent in the transitions to this multiplet (fig. 4.5(a)). The splitting of the 
C411 center Xt(ls) level into two levels having It and 12 irrep labels under the 
C8 symmetry group, is evident at 12611cm-1 and 12605cm-1 • Similar splittings 
for the broader X 4 and X9 , (Is) levels of the C411 center were not observed, most 
likely because the splittings are small and hence cannot be discriminated within the 
broadened transition. 
For the A2 center in this multiplet, the polarisation observed is similar to that 
of the 0 411 center, but with the transition from the. D2 level being stronger, as is 
evident when comparing the D 2 -t X 1 and D1 -t X 1 transitions at 12618cm-1 and 
12609cm-1 (fig. 4.5(b)) of the A2 center with the corresponding transitions of the 
parent 0 411 center. The line at 12413cm-1 assigned as the D2 -t X 3 (11 ) transition is 
more prominent than the equivalent transition in the parent 0 411 center. Differences 
in the wavefunctions of the levels for these two 0 411 symmetry centers would give 
rise to the dissimilar transition probabilities observed for equivalent transitions in 
the parent and mixed crystals. 
Comparison of the polarised fluorescence of the A3 and 0 411 centers reveals two 
very similar patterns of fluoresence spectra. In most cases, the levels of the A3 cen-
ter shift by less than 5cm-1 from the corresponding parent transitions (fig 4.5(c)(i)). 
To check that the parent 0 411 center was not being simultaneously excited, the fluo-
rescence spectra of the parent 0 411 center and the A3 spectra were recorded several 
times and succesive scans of these two centers revealed that the 0 411 , D1 -t X1 
transition is 0.3cm-1 lower in energy than the D1 -t X2 transition of the A3 center 
(fig. 4.6(c)(ii)). The degeneracy of the X1(;5 ) level of the parent 0 411 center is lifted 
to give two levels, as shown in the spectra at 12628.1 and 12629.6cm-1 , when the 
symmetry is lowered by the cation subsitutions which gave rise to the A3 center. 
Given the similarity of the A3 and 0 411 fluorescence spectra and the proximity 
of the A3 satellites to the parent 0 411 transition observed in the 1 D2 level, it is 
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concluded that the A3 center is derived from a small perturbation of the C4v center. 
This is discussed further in section 4. 1.3 
The 3 H5 multiplet 
The characteristic 1:0 and 0:1 polarisation ratios of the A1 center manifest them-
selves again in this multiplet, with the obvious splitting of the c4tll 13( /5) level into 
two levels , as shown by the two D _,. Y transitions at 14544cm-1 and 14528cm-1 
(fig 4.6(a)). 
As is the case for the 3 H6 multiplet, the major difference in the fluorescence spec-
trum between the parent and the mixed crystal C4v center is the relative transition 
intensities to levels transforming as the 13 irrep, which are stronger in the mixed 
crystal. Another obvious example of this is the transition to the Y4(!3) level of the 
A2 mixed crystal C4v center at 14520cm-1 (fig 4.6(b)). The Ys(/5 ) level is also less 
broad compared to transition to the corresponding /s level in the parent C4v center, 
and the peaks of the transitions from the D 1 and D2 levels to this level are clearly 
distinguished at 14461 and 14469cm-1 for the A2 center. 
Figure 4.6( c) gives the polarised fluorescence spectra of the A3 center, which 
looks similar to the fluorescence spectra of the parent C4v center. The splitting of 
the parent C4v center,Y3(!5 ) level is observed at 14563 and 14565cm-t, labelled Y4 
and Y3 respectively. 
The 3 H4 multiplet 
The D _,. Z transitions of the Al, A2 and A3 centers are shown in figure 4.7(a),(b) 
and (c) respectively. Features of the polarisation behaviour previously described 
for transitions to the other multiplets apply to this multiplet as well. The broad 
linewidth, approximately 50cm-1 , of the C4v, Z6 ( Is) level precludes any opportunity 
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of observing splitting into two levels in the spectra for either the Al or A3 centers. 
The obvious lines at 16704cm-1 for the A2 center and 16632cm-1 for the A3 
center are unassigned since it is unclear whether they are of an electronic or vibronic 
origin. In the case of of the A2 center, it is unlikely that the 16704cm-1 line is of 
pure electronic origin, as a D1 ( /t) -+ Z2 ( 12 ) transition is allowed only via a magnetic 
dipole transition, and the intensity of this transition together with its (YX):(YY) 
polarisation ratio of 1:2, is not consistent with what might be expected for a magnetic 
dipole transition which would have given a polarisation ratio of 0:1. 
4.1.3 Model Assignments 
The summary of the spectroscopic features and discussion of possible models for 
each of the mixed crystal centers is given below. Table 4.1 lists the energy levels 
assigned to the AI, A2 and A3 centers for the Ca1-xSr:cF2 : Pr3+ crystal. 
The Al center 
The main spectroscopic features of the Al center include: 
(i) a ground state splitting of 8cm-1; 
(ii) observed (YX) :(YY) polarisation ratios of the type 1:0 and 0:1 when the laser 
is polarised Ey; 
(iii) extinction of certain transitions with the laser polarised Ez. 
From point (i), it is deduced that the Al center has a symmetry lower than 
C4v. With laser polarised Ez, the transitions arising from a CA a) type center would 
not be expected to display any polarisation effect. For a Cs (b) type center, pump 
and decay transitions between levels with irreps /I -+ 12 and 12 -+ 11 or vice versa, 
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would give a (YX):(YY) polarisation ratio of 0:0 which distinguishes this center from 
the Cs(a) center. The Al center exhibits polarisation ratios which are consistent 
with those expected from a Cs symmetry with a C8 (b) configuration (points (ii) and 
(iii), refer also to table 2.4). 
A single dopant alkaline earth cation substitution in the NNN cation sphere gives 
a Cs(b) center configuration (fig. 2.2(b )(i)), however, being two lattice spacings away 
from the Pr3+ ion, it is not expected to affect the parent C4v center significantly. 
In the NN cation sphere, there are two positions where a single cation substitution 
would give a Cs(b) center (fig 2.2(a)(ii) and (a)(iii)). The ODN11R2 data of Burum 
et al(1982) suggest that the lattice environment around the parent C4v center, is 
more spatially extended in the region between the Pr3+ and the interstitial F-. 
Therefore, the Sr2+ cation with a bigger ionic radius (1.12A) than the Ca2+ cation 
(0.99A), is more likely to substitute in this region with the arrangement of figure 
2.2(a)(iii). Such a substitution would shift the interstitial p- from its original 
position in the parent C4 v center. As the Sr2+ ion is bigger than the Ca2+ cation, 
it is most likely to open up the lattice even further, which may cause the interstitial 
p- to relocate in a position off the original C4 axis, towards the dopant Sr2+ cation. 
A net effect is a change in crystal field which is manifested in the seperation of the 
D1 and D2 levels, found to be 17cm-1 and 56cm-1 for the parent C4v and AI centers 
respectively. 
More direct measurements, like ODNMR which have the potential to probe the 
actual positions of the F- anions around the Al center, through the coupling of the 
Pr3+ magnetic moment with the nuclear spin of the surrounding p- ions could be 
useful in validating the model assigned. 
The A2 center 
For the A2 center, the spectral features of interest are: 
20ptically Detected Nuclear Magnetic Resonance 
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(i) no observations of splitting in the ground state Z1 level; 
(ii) (YX):(YY) polarised fluorescence ratios of the type 1:2 and 1:0 when the laser 
is polarised Ey; 
(iii) equal emission intensities of the transitions observed for the X and Y analyzer 
directions with the laser polarised Ez. 
It is evident that the A2 center has C4v symmetry ( points (i) to (iii) ). In 
the mixed crystal this is only possible for cation substitutions in the two NNN ar-
rangements as shown in :figure 2.2(b )(ii) & (iii). While both arrangements would 
give a symmetrical distortion to the lattice fluorines, the NNN substitution of fig-
ure 2.2(b)(ii), with the substitutional cation being two lattice cells away from the 
environment of the parent C4v center is not expected to cause significant perturba-
tion to the center. Hence, the substitution as represented by :figure 2.2(b)(iii) seems 
the more likely configuration for the A2 center. Under this model, some axial re-
positioning of the interstitial p- anion would occur, most likely towards the dopant 
Sr2+ and away from the Pr3+ ion. This is reflected in the differences in the crystal 
:field levels observed for the parent C4v and A2 centers. 
The A3 center 
For the A3 center, the following were observed: 
(i) a ground state splitting of 2.6cm-1 ; 
(ii) transitions with polarisation ratios of 1:2 and 1:0 similar to the C4v center; 
(iii) no polarisation effect for the laser polarised in the E z direction; 
(iv) the levels in the D multiplet are very close (within "'2cm-1 ) to the levels of 
the parent C4v center; 
(v) a fluorescence spectrum pattern very similar to the parent C4v center. 
Assignment of a model for the A3 center is made difficult by two conflicting pieces 
of evidence, one supporting and the other opposing the argument for a C2v( a) model 
62 
for the A3 center. 
The C2v(b) and C8 (b) configurations would give (YX):(YY) ratios of only 1:0 and 
0:1 and the ratios observed ( point(ii) ) .rule out these models. 
While the c:( a) center could also give the observed polarisation ratios, the polarised 
spectrum of transitions to the 3 F2 multiplet is not consistent with the irreps of the 
levels expected for a Cs center. The lines at 11447 and 11452cm-1 originate from 
the lifting of the two-fold degeneracy of the C4v W3 (15 ) level and if the A3 center 
has a 0 3 symmetry, one of these lines Would have a {I irrep and the other {2, both 
were observed to give (YX):(YY) ratios of 1:2. If the A3 center does)ndeed have 
a C, (a) symmetry configuration, then all the transitions observed would only have 
(YX):('\'Y) ratios of 1:2 since a Cs center has only two irreps possible for all levels. 
This is clearly not what was observed. Hence by the process of elimination, the 
polarisation ratios observed is consistent only with a C2v( a) configuration for the 
A3 center. 
A model with a C2v( a) symmetry can only arise with two cation substitutions, 
however, it is statistically less likely for two substitutions of the host cations (fig 
2.2( c)(i)) in the NN sphere at the concentration of the alkaline earth dopant used. 
The intensity of the emission from the A3 center is certainly weak, indicating that 
the population of the A3 centers is low. However, the relative intensities for the A3 
center have not been found to increase more rapidly than those for the other mixed 
crystal centers, as the Sr2+ doping was increased from 0.5% to 1%. The relative 
intensity in fact increased linearly with concentration, statistically consistent with 
a single rather than a double substitution of the host cations around the parent C4v 
center. The latter situation would give rise to a quadratic dependence in the rate of 
increase of the relative intensity. This cast some doubts as to whether the A3 center 
does have two cation substitutions 
Of these two pieces of evidence, the observed polarisation ratios being consis-
tent with a C2v(a) center appears to be stonger. Whether centers with two cation 
substitutions can occur without giving a quadratic concentration dependence in the 
relative transition intensities is debatable. It is possible that the substitutions giving 
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rise to the a C2v( a) symmetry ascribed to the A3 center becomes less favourable, 
thus accounting for the linear rather than a quadratic rise in relative intensities 
observed. However, this remains speculative at present. 
From the small deviations of the levels observed for the A3 center from that of 
the parent C4v center, it is deduced that the A3 center is a slightly modified par-
ent C4v center. Substitutions of Ca2+ cations by Sr2+ cations in the NN positions 
would probably produce too large a perturbation to account for the observed spec-
tral features of this center. Hence the A3 center is more likely to comprise cation 
substitutions in the cation spheres beyond the NNN shells. 
Based on the discussion of the last two paragraphs, a tentative model with a 
C2v( a) symmetry that only slightly perturbs the parent C4v center is proposed and 
shown in figure 4.8 
4.1.4 The K and L centers of the parent CaF2 : Pr3+ crystal 
Apart from the C4v center, two other centers have prominent lines in the broadband 
excitation spectra of the CaF2 : Pr3+ crystal, and these are identified as the K and 
L centers (fig 4.1). The presence of these centers is in hi bi ted by the addition of 
the Sr2+ dopant with transitions of the K center vanishing at 0.5% doping of Sr2+. 
Figures 4.9( a) and (b) give the excitation spectra in the 1 D2 multiplet for the K and 
L centers respectively. 
The K center is noteworthy in having only a few observed transitions. In contrast 
to the C4 v center, there is only one absorption transition, at 16853cm-1 , apparent in 
its excitation spectrum (fig. 4.9(a)) and its fluorescence spectrum (fig. 4.10) also has 
fewer transitions. The number of these transitions is consistent with that expected 
for a Pr3+ ion with a C3v site symmetry (Table 4.2). The p- trigonal center is 
unexpected for the CaF2 : Pr3+ crystal [Corish et al, 1982] though Kliava et al 
[1979] reported such a center labelled b' in their experimental studies. Polarisation 
Table 4.1 The energy levels (in cm-1) of mixed crystal centers A1,A2 and A3 in Ca1_xSrxF2:Pr3+. Uncertainties are:!= 1 
cm-1 unless otherwise indicated. The irrep labels for each level are given in brackets except for the A3 center where no point 
group has been assigned. 
D2 16867.7:: 0.5 
D1 16821.5 :: 0.5 
Ws 5400 
w4 5394 
w3 5385 
W2 5339 
WI -
X13 -
X12 -
Xn 4996 
XIO 4945 
Xs -
Xs -
x1 -
x6 4511 
Xs 4505 
x4 4426 
x3 4354* 
x2 4217 
Xt 4211 
A1 
bt) 
(It) 
(12) 
bt) 
(12) 
ht) 
(II) 
(II) 
(It) 
(12) 
(II) 
( /2) 
bt) 
(!2) 
(It) 
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NA 
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5332 
NA 
NA 
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-
-
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-
4223 
A2 
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(/3) 
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5380 
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4969 
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4474 
4206 
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Ol 
..... 
Yn - (12) NA 
ylO - (!2) NA 
y9 - (tl) NA 
Ys - (12) - (!4) 
y7 2405 ~ 10 (12) 2725 (ts) 
y6 - (td - (12) 
Ys - (It) 2371 bs) 
y4 2294 (12) 2320 (13) 
y3 2278 (tt) 2301 (ts) 
y2 2217 (tl) 2225 (II) 
yl 2198 (12) - (12) 
Zg - (/I) NA 
Zs - (11) NA 
z, 577 (12) - (13) 
z6 530 ht) 532 (ts) 
Zs 480 ~ 5 (12) 509 (It) 
z4 435 ~ 10 ht) 466* (12) 
z3 190 (12) 417 ~ 10 (tl) 
z2 8 (II) - (14) 
Zt 0 (12) 0 (Is) 
Levels which could not be unambigously assign are marked with an asterisk. 
NA- Excited levels not applicable to the A2 C411 center. 
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measurements were made for the I< center in this work, but no obvious polarisation 
was apparent. A trigonal symmetry center gives a largely unpolarised spectrum for 
an excitation by /3 --+ 13 transitions. Hence, the assignment of this center remains 
inconclusive at this stage. Table 4.2 lists the tentative energy level assignments 
made for this center. 
Rare earth cluster centers are usually dissociated by heating the crystal to above 
950K and this treatment reduced the L center concentration by one half while the 
I< center remained unaffected. Up-conversion is also characteristic of some rare-
earth clusters and only the L center showed some rather weak up-conversion. It 
is therefore concluded that the L center is a cluster center of as yet'un'determined 
symmetry. The emission spectra from the D to the W,X,Y and Z multiplets (fig. 
4.11) re\'eal patterns which are consistent with those expected for a cluster center , 
i.e. sharp lines appear right through the transitions to each mulitplet, as compared 
to sharp lines only for transitions to the lower levels of a multiplet for a single Pr3+ 
ion center. Table 4.3 gives the prominent lines as numbered in figure 4.11. 
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"igure 4.3 The splitting of the C411 center ground state as the symmetry is lowered to C8 or ( 
.nd the absorption transitions from the ground states to the D multiplet. 
Figure 4.4 1 D2 ~3 F 2 Polarised fluoresence spectra of the mixed crystal centers in the 0.5% Sr2+ 
doped CaF2 crystal at IlK. 
(a)(i) the AI center, pumping 16821.5cm-1 . Laser polarised Ey 
(a)(ii) the Al center, pumping 16821.5cm-1 • Laser polarised Ez 
(b) the A2 center, pumping 16830.3cm-1 . 
(c) the A3 center, pumping 1683 7 .Ocm -l. 
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Figure 4.5 1 D2 -t3 lh Polarised fluoresence spectra of the mixed crystal centers in the 0.5% Sr'H 
doped CaF2 crystal at llK. 
(a) the Al center, pumping 16821.5cm-1 • 
(b) the A2 center, pumping 16830.3cm-1 . 
( c )(i) the A3 center, pumping 16837.0cm-1 • 
(c)(ii) unpolarised fluorescen<;:e, pumping 16837.0cm-1 to show the C4v,X1(/t) level (dotted curve) 
splitting into two levels in the A3 center. 
~ 
...... 
~ (I) 
~ (I) 
Q.. 
Q 
~ 
..... 
2:.. 
(') g 
..... 
}.'!i 
Ct.) 
s· 
C) 
1':1 
...... 
I 
a 
V:l 
~ 
:Jj 
'"'i::l 
"'i 
(,4 
+ 
-J 
1-' 
(a) 
x2 
/'/ 
Xs 
(YY) x1 
D2-+ Xa 
X a 
x2 
Xn \ 
(YX) 
x2 ~ \~. J. . ~. I/ /D2~_x1 
1180u 1200u 12200 
(cm-1) 
12400 .. ----12600 
Xg 
(YY) 
(YX) 
Xs 
11800 12000 
{b) 
12200 
(cm-1) 
x4 
X a 
12400 
D2 _.. x1 
12600 
-J 
t-..:1 
Xu 
11800 
(YY) 
D2 -Xu 
/ 
(YX) 
12000 
( c)(i) 
12200 
(cm-·1) 
Xs 
X2 Xr 
"'-./ 
12625 
( c )(ii) 
~
X2(A3) 
I' ,"- 1 
I ' 
' . I !, 
I 
I 
I 
I 
i 
' Xt(C4v) -j 
... ~-; 
I 
I 
I 
I 
I 
I 
' 
I 
I 
I 
I 
\ 
.. -.,··-·-·-., 
l .... - ......... 
12632 
(cm-1) 
~ 
....... 
~ 
(1) 
~ 
~ 
0... 
Q 
'-a 
..... 
2.:. 
~ 
..... 
~ 
til 
s· 
Q 
~ 
.... 
I 
<! 
Cr.! 
"'i 
<! 
:J:l 
~ 
"'i 
w 
+ 
-.:( 
~ 
(a) 
(YY) 
y,. 
., y1 ' y2 ~l J;·. 
... ~----~~~~~_.~--~·~·~·~·~~,.~ I I .. I I :l 
"" x8 
(YX) 
y3 
14000 14200 14400 14600 
(cr.n-1) 
Figure 4.6 1 D 2 ---+3 H5 Polarised 
fluoresence spectra of the mixed crystal 
centers in the 0.5% Sr2+ doped CaF2 
crystal at 11 K. 
(a) the A1 center, pumping 16821.5cm-1 . 
(b) the A2 center, pumping 16830.3cm-1 . 
(c) the A3 center, pumping 16837.0cm-1 . 
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fiuoresence spectra of the mixed crystal 
centers in the 0.5% Sr2+ doped CaF2 
crystal at llK. 
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Figure 4.8 A model proposed for the A3 center which takes into account the observed polarisation 
ratios consistent with a C211 (a) center and the small perturbation on the parent C411 center. 
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(a) 
16800 16900 
L 
(b) 
j \ 
16800 16900 
Figure 4.9 Selective excitation spectra of the K and L centers in the CaF2 : Pr3+ crystal at llK 
by scanning dye laser and monitoring specific transitions. 
(a) the K center, monitoring 14669cm- 1 
(b) the L center, monitoring 14337cm-1 
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4.2 Mixed Crystal Centers in Cai-xBaxF2 : Pr3+ 
Three mixed crystal centers were studied in the Ca1_xBaxF2 : Pr3+ mixed crystal, 
each of which can be characterised by their polarised fluorscence. One of these 
centers is an on-axis A2 center and the other two are off-axis AI centers labelled the 
AI(!) and AI(II) centers. There are further mixed crystal centers in this crystal 
system but their transitions were broad and overlapping, hence, LSE on these centers 
was not fruitful. The spectroscopic results from the three centers studied in detail 
are given in this section. 
4.2.1 The Excitation Spectra 
Figure 4.I2 shows the broadband excitation spectra of the Ba2+ in CaF2 : Pr3+ 
crystal, with the transitions belonging to the centers AI(!), A1(I I) and A2 clearly 
labelled. When the Ba2+ doping was increased from 0.6% to I%, a dramatic change 
in the broadband excitation spectra was observed with many more new lines appear-
ing. LSE of some of the transitions in the I% crystal proved difficult with a marked 
increased in the inhomogeneous broadening of the transitions and the linewidths of 
several centers were found overlapping within single transition bands . These are 
indicated by the asterisks in figure 4.I2( a). The transition of the parent L center 
was also observed to have vanished at 0.6% Ba2+ doping, while in the Sr2+ doped 
crystal, some residue of lines belonging to this center was apparent eYen at 1% 
doping. 
The excitation spectra monitoring specific transitions of the mixed three centers 
are shown in figure 4.13. The A1(I) and A1(I I) centers have similar excitation 
spectra features to the AI center in the C a1_xSrxF2 : Pr3+ mixed crystal. Ground 
state splittings of 15cm-1 .and 17cm-1 were measured for the AI(!) and AI (I I) 
. . 
centers respectively, each of which is larger than the splitting of Scm-1 measured 
for the AI center in the Sr·2+ doped crystal. The shift of the D1 and D2 energy 
levels of the AI (I) and AI (I I) centers, from the D1 and D2 levels of the parent C4v 
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3 
Figure 4.10 Emission spectra of the K 
center at llK. 
(a) 1 D2 ---t 3 H4 transitions. 
(b) 1 D2 ---t3 H5 transitions. 
(c) 1 D2 ---t3 H6 and 3 F2 transitions. 
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4.2 The Mixed Crystal Centers in Ca1-xBaxF2 : Pr3+ 
Table 4.2 The frequenciA~ of selected transitions observed by pumping 
16853.lcm-1 level of site K. Uncertainties are ±1cm-1 • The line number for the 
transition from the D multiplet to the respective lower multiplets are labelled in 
the fig 4.9 . 
Line number Frequencies 
D--+-Z 1 16748 
2 16729 
3 16659 
4 16306 
5 16032 
6 15498 
D--+-Y 1 14706 
2 14704 
3 14670 
4 14652 
5 14633 
6 14059 
D----+- X, vV 1 12752 
2 12750 
3 12614 
4 12447 
5 12317 
6 11721 
7 11678 
8 11652 
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Table 4.3 The frequencies of selected transitions observed by pumping 
16903.7cm-1 level of site L. Uncertainties are 2: 1 cm-1 . The line number for the 
transition from the D multiplet to the respective lower multiplets are labelled in 
the fig 4.10. 
Line number 
D-+Z 1 16762 
2 16712 
3 16620 
4 16406 
5 16308 
6 16223 
7 16081 
D-+Y 1 14685 
2 14622 
3 14438 
4 14296 
5 14113 
6 13927 
D-+ X, W 1 12737 
2 12340 
3 12252 
4 12135 
5 11872 
6 11592 
7 11502 
8 11448 
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center, was also found to be greater in the Ba2+ crystal than in the Sr2+ doped 
crystal. For the A2 center, an increase of the D1 and D2 seperation from 8.9cm-1 
in the Sr2+ doped crystal to 29.5cm-1 in the Ba2+ crystal was apparent. 
Clearly, the bigger radius Ba2+ dopant ion (L34A) affects the CaF2 : Pr3+ 
parent 0 411 center more than the Sr2+ dopant (1.12A). The larger mismatch in ionic 
radius between the Ca2+ and Ba2+ ions would distort the lattice structure further, 
and these distortions also give rise to more centers than in the Sr2+ doped crystal. 
4.2.2 The Polarised Fluorescence Spectra 
The 3 F2 multiplet 
As shown in figure 4.14, there are clearly two centers with the characteristic Al 
center polarised fluorescence in the Ba2+ doped CaF2 : Pr3+ crystal. Other than 
the energy level shifts, the polarised fluorescence patterns of both the Al (I) and 
Al(I I) centers in this multiplet look almost identical when the laser was polarised 
Ey. \Vith the laser polarised Ez, the transitions with a (YX):(YY) ratio of 0:1 
when the laser was polarised Ey, were found to have vanished for the Al(I) center 
(fig 4.14(a)(ii)) , consistent with a {z absorption and 12 emssion for a Cs(b) center. 
At the time, a similar measurement for the laser polarised Ez was not made for the 
Al(I I) center but it is expected to have the same behaviour. 
The center A2 in this crystal shows the characteristic polarisation ratios expected 
for an on-axis alkaline earth substitution which yields a C4u center (fig. 4.14(b)). 
The transition to the vV2 level is found to be weaker in intensity when compared 
with the transition to the W2 level in the parent C4u center and the Sr2+ doped A2 
center. 
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Figure 4.12 Broadband excitation spectra of the Ca1-xBa:cF2 : Pr3+ crystals, 
monitoring the D----+ Z transitions at llK for Ba2+ doping of (a) 1% (b) 0.6% 
(c) 0.3%. 
The transitions of several centers make up each line marked with asterisks in (a) 
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16750 16800 16850 16900 
Figure 4.13 Selective excitation spectra of the mixed crystal centers in the 0.6% Ba2+ doped 
CaF2 crystal at llK by scanning the dye laser and monitoring specific transitions. 
(a) the Al(l) center monitoring 14584cm-1 • (b) the A2 center monitoring 14610cm-1 • 
(c) the A 1 (II) center monitoring 14550cm -t. 
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The 3 H6 , 3 H 5 and 3 H4 multiplet 
The polarised spectra of transtitions of the three centers to the X, Y and Z multi-
plets are presented in figures 4.15 , 4.16 and 4.17 respectively, with the polarisation 
ratios found to be as expected for the respective on and off-axis type centers. 
Assignment of the transitions in the 16500cm-1 to 16700cm-1 reg10n is not 
straightforward. \Vhile the lines present are possible candidates for transitions, 
to the Z2 level for the A2 center and Z3 level for the Al type centers, the coupling 
of the D1 and D2 level with the lattice phonons could give rise to vibronic transitions 
which also lie in this same spectral region. 
The D 1 (11 ) -> Z2(12) transition of the A2 center is allowed only as a weak 
magnetic dipole transition. For the case of the 16689cm-1 line observed in the A2 
center, the relatively stronger line intensity suggests that it is more likely to be of a 
vibronic origin. 
The assignment for the Al type centers is even less straightforward in this 
16500cm-1 to 16700cm-1 spectral region of the D1 -t Z transition, since under 
a Cs(b) symmetry, all electronic transitions are now allowed. The present set of 
spectral data offers no clear-cut method of isolating the vibronic from the electronic 
transitions, hence, the present assignment of the transitions to the z3 levels is only 
tentative. 
4.2.3 Model Assignments 
Table 4.4 summarizes the energy level assignment to the three mixed crystal centers 
of the Ba2+ doped CaF2 : Pr3+ crystal. Discussion of possible models for each of 
the centers is given below. 
Figure 4.14 1 D2 ---t 3 F2 Polarised ftuoresence spectra of the mixed crystal centers 
in the 0.6% Ba2+ doped CaF2 crystal at IlK. 
(a)(i) the Al(I) center, pumping 16796.9 cm-1. Laser polarised Ev 
(a)(ii) the Al(I) center, pumping 16796.9cm-1 • Laser polarised Ez 
(b) the A2 center, pumping 16813.9cm-1 • 
(c) the AI(! I) center, pumping 16779.3cm-1 • 
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Figure 4.15 1 D2 --+3 H6 Polarised 
fluorescnce spectra of the mixed crystal 
centers in the 0.6% Ba2+ doped C aF2 
crystal at 11 K. 
(a) the A1(1) center, pumping 16796.9 cm-1 . 
(b) the A2 center, pumping 16813.9cm-1 . 
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Figure 4.16 1 D 2 H 5 Polarised 
fluoresence spectra of the mixed crystal 
centers in the 0.6% Ba2+ doped CaF2 
crystal at 11 K. 
(a) the Al(I) center, pumping 16796.9 cm-I. 
(b) the A2 center, pumping 16813.9cm-1 . 
(c) the Al(II) center, pumping 16779.3cm-1 • 
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Figure 4.17 1 D2 -+3 ll4 Polarised 
fluoresence spectra of the mixed crystal 
centers in the 0.6% Ba2+ doped CaF2 
crystal at 11 K. 
(a) the Al(J) center, pumping 16796.9 cm-1• 
(b) the A2 center, pumping 16813.9cm-1 . 
(c) the Al(I I) center, pumping 16779.3cm-1 • 
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The A1(I) and Al(J /) centers 
Since both these centers share similar spectral characteristics, it is worthwhile to 
simultaneously discuss models for both centers. The centers have the following 
prominent spectral features: 
(i) ground state splittings of 15cm-1 and 17cm-1 for the Al(I) and Al(I/) centers 
respectively; 
(ii) observed (YX):(YY) polari~ation ratios of the type 1:0 and 0:1 when the laser 
.. was polarised Ev; 
(iii) with the laser polarised Ez, certain transitions were extinguished. This was 
recorded for the Al(I) center. 
The only model consistent with the polarisation ratios observed is one with a 
C8 (b) configuration for the Al(J) center. The spectral trends observed in both the 
Al(I) and A1(! I) centers strongly suggest that a C8 (b) center configuration applies 
to both these centers. Polarisation measurements with the laser in the Ez direction, 
with observation of extinction of certain transitions, would directly confirm the 
A1(JJ) center as having a Cs(b) type geometry. For the same reasons given for 
assigning a model to the Al center in the Sr2+ doped crystal (sec. 4.1.3), the AI (I) 
. . 
center is most likely to have a single cation substitution with the configuration 
arrangement as shown in figure 2.2(a)(iii). 
Comparing the relative intensities of the transitions of the Al (I) with the A2 and 
AI (II) centers in the broadband excitation spectra (fig 4.12), the relative intensities 
of the Al(I I) center was found to have gained in strength roughly 4 times in relation 
to the Al(J) and A2 centers, when the Ba2+ doping was increased from 0.6% to 
1%. This is evidence that the model for the Al(J I) center requires two foreign Ba2+ 
replacements of the host cations. The energy shift of the Al(II) center from the 
parent C411 transitions in the D multiplet, was also found to be greater than the 
Al (I) or A2 centers, indicating that the Al (I I) center has further distortion of the 
local environment of the parent C411 center. 
4.2 The Mixed Crystal Centers in Ca1-xBaxF2: Pr3+ 101 
Possible models for the Al(II) center would include an additional Ba2+ substi-
tution in the Cs reflection plane of the single cation substitution models of figures 
2.2(a)(ii) and (iii) or those with the C2v(b) symmetry configuration of 2.2( c)(ii) and 
(iii). A good starting point for consideration of a model for the Al(II) center would 
be the single cation substitution model of the Al(l) center, however, the placement 
of the second substitutional cation cannot be unambigously determined with the 
present set of data. 
The A2 center 
The main spectroscopic features of this center are the same as those for the A2 and 
. .• . . 
the parent C4v centers in the Sr2+ dop~d mixed crystal, hence, this center is assigned 
. ' . ' 
as a C4v center with the configuration arrangement as shown in figure 2.2(b )(iii). 
The D1 and D2 splitting in the Sr2+ doped CaF2 : Pr3+ crystal is 9cm-1 and in 
the Ba2+ crystal is 30cm-I, highlighting the greater change in crystal field brought 
about by a larger dopant cation in the same position. 
Table 4.4 The energy levels (in cm-1) of mixed crystal centers Al(I),A1(II) and A2 in Ca1-xBaxF2:Pr3+. Uncertainties are 
±1cm-1 unless otherwise indicated. The irrep labels for each level is given in brackets. 
D2 16895 
D1 16796.9 :!: 0.5 
Ws 5409 
w4 5404 
w3 5381 
W2 5344 
WI -
X13 -
Xtz -
Xn -
X1o 4917 
x9 -
Xs -
x7 -
x6 4518 :!: 10 
Xs 4495 
x4 4425 :!: 5 
x3 4320 
x2 4228 
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Levels which could not be unambigously assign are marked with an asterisk. 
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4.3 Mixed Crystal Centers in Sr1_xCaxF2 Pr3+ 
Of the 4 mixed crystal systems studied, this system with Ca2+ as a dopant in 
Sr F 2 : Pr3+ is unique in being the only system with the ionic radius of the alkaline 
earth dopant smaller than that of the parent cation. However, the study of this 
system poses some special difficulties, in that the satellites are located very close 
to the parent electronic transitions and they also overlap one another. Hence, the 
study of this system, in particular the assignment of levels, could not be carried out 
in the same detail as for the Sr2+ or Ba2+ doped CaF2 : Pr3+ crystal systems. 
4.3.1 The Excitation Spectra 
Some prominent features of the excitation spectra as displayed in the figures of 4.18 
are: 
(i) weak satellite line structures; 
(ii) a linear dependence in the rate of increase in the relative intensities of the 
satellite structures with dopant concentration; 
(iii) the satellite structures are located not more than 4cm-1 away from the parent 
C411 electronic D1 and D2 transitions; 
(iv) the ground state splittings of the two centers studied were only 2.7cm-1 and 
2.6cm-1 . 
Evidently the starting Sr F2 stock material used in the growth of the mixed 
crystal systems contained traces of both Ca2+ and Ba2+, deduced to be at less than 
0.1 %. This gives rise to the observation of the satellite structures even in the parent 
crystal. At 0.5% doping, the satellite structures grew more intense but they were 
still relatively weak compared to the main transitions of the parent C411 center, which 
suggests that the population of the centers giving rise to the satellite structures are 
not very large. 
4.3 The Mixed Crystal Centers in Sr1-xCaxF2 : Pr3+ 
(a) 
A3(II) 
(b) 
(c) 
168.50 lG!JOO 
Figure 4.18 Broadband excitation spectra of the Sr1_xCaxF2 : Pr3+ crystals, 
monitoring the D -+ Z transitions at 11 K. 
(a) 1% Ca2+ doping (b) 0.5% Ga2+ doping (c) undopcd parent SrF2 : Pr3+ 
crystal. 
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(b) 
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Zt-+ Dt 
16850 16900 
Figure 4.19 Selective excitation spectra of the mixed crystal centers in the 0.5% 
Ca2+ doped SrF2 crystal at llK by scanning the dye laser and monitoring specific 
transitions. 
(a) the A3(I I) center monitoring 14662cm-1 • (b) the A3(I) center monitoring 
14650cm-1• · 
4.3 The Mixed Crystal Centers in Sr1-:r:C aa:F2 : Pr3+ 107 
Point (ii) indicates the satellites belong to mixed crystal centers with one cation 
substitution and points (iii) and (iv) suggest that the substitutional Ca2+ cations 
gave only a small perturbation to the parent C4v center to give rise to the mixed 
crystal center. 
Though only two centers were studied, labelled A3( I) and A3( I I), both of which 
displayed the A3 type polarisation fluorescence, there is evidence from time resolu-
tion studies to be presented in chapter 6 that further centers also contribute to the 
satellite structures observed in the broadband excitation spectra. Discrimination of 
these was not possible under the present resolution of the instruments used. These-
lective excitation monitoring specific transitions clearly reveals the ground splitting 
of the A3(I) and A3(I I) centers (fig 4.19). 
4.3.2 The Polarised Fluorescence Spectra 
The polarised fluorescence spectra are presented for transitions from the 1 D2 to the 
3 H4 , 3 H5 and 3 H6 multiplets. The best transition to which to tune the laser for 
selective excitation, in the D multiplet, is the Z2 - D1 transition at 16849.8cm-1 
for the A3(II) center and the Z1 - D2 transition at 16882.7cm-1 for the A3(I) 
center. Even so, simultaneous excitation of centers other than those which are of 
interest was unavoidable. 
The 3 F2 multiplet 
At least two other centers labelled a and b in figure 4.20 were also excited when 
the Z1 - D2 transition of the A3( I) center was pumped. An attempt was made to 
discriminate between these centers by detuning the laser off either side of the A3( I) 
Z1 - D2 transition peak but met with only partial success. The most probable 
D- vV transitions of the A3(J) center are indicated in figure 4.20(a). The polarised 
fluorescence spectra of the A3(I I) center is a little more clear-cut with no obvious 
108 
evidence of simultaneous excitation of another center. 
The C4v, W3(t5 ) level splitting is not apparent in this multiplet, most probably 
because the splitting is small and cannot be resolved within the linewidth of the 
transition. As for the parent C4v center, the laser polarised Ez gave roughly equal 
intensities for all the transitions to this multiplet for the A3(I) and A3(I I) centers. 
Figure 4.20 1 D2 -+3 F2 Polarised fluoresence spectra of the mixed crystal centers 
in the 0.5% C a2+ doped Sr F2 crystal at 11 K. 
(a) the A3(/) center, pumping 16882.7cm-1 • 
(b) the A3(ll) center, pumping 16849.8cm-1 • 
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The 3 H6 , 3 H5 and 3 H 4 multiplets 
The polarised transitions to the rest of the 3 H multiplets are shown to be very 
similar to the parent C4v center and no obvious splitting of the parent C4v, Is levels 
is discernible from the transition linewidth where they are expected to occur (figs. 
4.21, 4.22, 4.23). 
Two features in the fluorescence spectra of the D -t X transitions were not 
addressed in the study of the parent C4v center by Reeves(1987). Firstly, the X1 
level with a Is irrep is expected to display a (YX):(YY) polarisation of 1:2, for a 
D1 (13 ) -t X1 (15 ) electric dipole transition. A (YX):(YY) ratio of 2:1 was observed 
instead, which is more consistent with a magnetic dipole transition rather than the 
electric dipole transition as assigned by Reeves (1987, table IV.2.5). The D2 (11 ) -t 
xl (Is) transition however' has the expected polarisation ratio for an electric dipole 
transition. 
The second feature concern two lines centered around 12450 and 12461cm-1 , 
apparent for D -t X transitions of the parent C4v center. These two lines have their 
equivalent in the mixed crystal centers at 12435 and 12446 cm-1 for the A3(I I) 
center and 12445 and 12456cm-1 for the A3(I) center. In the parent crystal, these 
two lines appear to be vibronic lines originating from the coupling of the xl l~vels 
to the lattice phonon states which gave rise to the lines labelled j and k (Reeve 1987 
, table IV.2.2). Similarly, the correspoding two lines in the mixed crystal centers 
A3(I) and A3(I I) were also assigned to vibronic transitions. 
Figure 4.21 1 D 2 ~3 H 6 Polarised fluoresence spectra of the mixed crystal centers 
in the 0.5% Ca2+ doped SrF2 crystal at llK. 
(a) the A3(I) center, pumping 16882.7cm-1 . 
(b) the A3(I I) center, pumping 16849.8cm-1 • 
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Figure 4.22 1 D2 -+3 H5 Polarised fluoresence spectra of the mixed crystal centers 
in the 0.5% Ca2+ doped SrF2 crystal at IlK. 
(a) the A3(I) center, pumping 16882.7cm-1 • 
(b) the A3(I I) center, pumping 16849.8cm-•. 
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Figure 4.23 1 D 2 ~3 H4 Polarised fiuoresence spectra of the mixed crystal centers 
in the 0.5% Ca2+ doped SrF2 crystal at llK. 
(a) the A3(1) center, pumping 16882.7cm-1 • 
(b) the A3(II) center, pumping 16849.8cm-1. 
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4.3.3 Discussion 
It was discovered from the time resolution studies ( chap.6), that the transitions 
observed in the broadband excitation have contributions from centers which were 
not studied, because they could not be discriminated in the frequency domain from 
the myriad of overlapping lines belonging to a host of unstudied centers. Exactly how 
. 
many of these centers are present is unknown, however, it is clear that some of them 
lie within the bandwidth of the parent C4v, Z1 -+ D1 and Z1 -+ D2 transitions as well 
as within the satellite structures. Such centers having transitions with energy shift of 
less than 0.5cm-1 in the broadband excitation spectra, from the D1 and D 2 transition 
band of the parent C4v center, can only arise from a very small perturbation of the 
parent C4v center. 
The intensities in the broadband spectra are a poor guide, to the relative pop-
ulation of the centers since the number of centers which gave rise to the transition 
bands, is not well determined. Through an incidental contamination of the starting 
Sr F2 stock material with barium, the line at 16839cm -l which belongs to the Al 
center from a Ba2+ substitution (sec. 4.4), could be used as a reference to provide 
a rough comparison of the relative intensities of the line structures observed in the 
Ca2+ substituted centers. Such a comparison of the relative intensities with the 
barium Al line at 16839cm-1 showed no evidence of quadratic rise of the satellite 
line intensities. Hence, it is very unlikely, that the centers belonging to the lines 
within the satellite linewidths arose from two cation substitutions. 
Like the A3 center for the Ca1_xSrxF2 : Pr3+ mixed crystal, no firm models 
could be assigned to the A3(I) and A3(II) centers of this Ca2+ doped SrF2 crystal, 
based on the present set of spectral data. A tentative assignment of the energy 
levels are given in table 4.5 for the A3(I) and A3(I I) centers. No irrep labels can 
be given since the symmetry groups of these centers are yet to be determined. 
Table 4.5 The energy levels (in cm-1 ) of mixed crystal centers A4 in Sr1_..,.BaxF2 :Pr3+ and A3(I) and A3(II) in 
Sr1_..,.Ca..,.F2 :Pr3+. Uncertainties are ±1cm-1• unless otherwise indicated. The irrep labels are not given since no point group 
has been assign to these centers. brackets. ~ C¢ 
b3 (I) 
~ 
A4 A3(I) A3(II) ~· 
0.. 
Q 
~ 
D2 16899.0 =!: 0.5 16882.7 =!: 0.5 16878.1 =!: 0.5 
{I) 
.,.... 
~ 
D1 16838.3 =!: 0.5 16854.7 =!: 0.5 16852.5 : 0.5 -~ 
.,.... 
~ 
Ws 5400 5393* 5396 .... ::::s 
vV4 5320 - - V:l 
"'l 
vV3 5314 5305* 5321* ..... I 
a 
\i\12 5293 5284* 5313* Q ~ 
wl 5254 5255 5267 !i 
:J1 
.. 
. '"tl 
"'l 
Xn 5054* 5061* 5056* w + 
X12 -
Xu 4963 4922* 4915* 
X to 4895 
x9 4456 
Xs 4449 
x1 4426 
x6 4417 4466* 4466* 
Xs 4407 4447* (12 or !4) 4435 : 10 
x4 4356 4380* 4380* 
...... 
x3 4334 ...... - - ~ 
x2 4270 
XI 4265 4421 
....... 
~ 
Yu 0 -
Yto -
Yg 
- 2664* 2670* 
Ys 2338 
y1 2316 
y6 2297 2334* 2335* 
Ys 2282 2289 2298 
y4 
Y 3 · 2278 2293* 2301* 
y2 2226 2219 2203 
yl 2193* 
z9 715 ~ 10 734 ~ 10 754 ~ 
Zs - 490 508 
z1 531 ~ 2 482 486 
Zs 455~ 2 428* :!: 3 459* + 5 
Zs 
z4 427:!: 5 - 367 :!: 5 
Za 161 
z2 10.3 :!: 0.5 2.6 2.7 
z1 0 0 0 
Levels which could not be unambigously assign are marked with an asterisk. 
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4.4 Mixed Crystal Centers in Srl-xBaxF2 : Pr3+ 
4.4.1 The Excitation Spectra 
The broadband excitation spectra of the Ba2+ doped SrF : Pr3+ revealed one 
prominent satellite line at 16839cm-1 . This was subsequently found to be a new class 
of center labelled the A4 center (fig. 4.24) based on some differences in polarisation 
behaviour from the other centers, as will be discussed in section 4.4.2 . Obvious 
differences between the Ga2+ and Ba2+ doped Sr F2 crystals, are apparent in the 
satellite structures at the shoulders of both the D1 and D2 lines of the parent 
G4v center, indicating more Ba2+ perturbed sites are present. These were however 
not studied, since they could not be satisfactorily discriminated against the many 
transitions present at the shoulders of the main transitions belonging to the parent 
G 4v center. 
Selective excitation monitoring 14615.3cm-1 revealed a spectrum that is similar 
to that of a Al type center (fig. 4.25). The ground state splitting was found to be 
10.3cm-1 . 
4.4.2 The Polarised Fluorescence Spectra 
Two salient polarisation features exhibited by this center suggests a different clas-
sification is required. Firstly, the (YX):(YY) polarisation ratios of the transitions 
observed are roughly 0:1, 1:2, 4:1 and 1:5 for this center (fig. 4.26(a)(i)). Secondly, 
with the laser polarised in the Ez direction, no extinction of emission for any of the 
transitions was observed in the D -+ vV transitions as were the case for the Al type 
centers, rather, little polarisation effect was observed (fig. 4.26(a)(ii)). Since the 
combination of these two polarisation features in the 3 F2 mulitplet is unique, the 
center is given a new classification, the A4 type center. 
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Al 
r 
16800 16850 16900 
Figure 4.24 Broadband excitation spectra of the Sr1_xBa:cF2 : Pr3+ crystals, 
monitoring the D ~ Z transitions at llK. 
(a) 1% Ba2+ doping (b) 0.5% Ba2+ doping 
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16800 16850 16900 
Figure 4.25 Selective excitation spectra of the mixed crystal A4 centers in the 
0.5% Ba2+ doped Sr F2 crystal at llK by scanning the dye laser and monitoring 
14615cm-1 . 
Figure 4.26 1 D2 F2 Polarised fluoresence spectra of the A4 mixed crystal 
center in the 0.5% Ba2+ doped Sr F2 crystal at II K. 
{a)(i) laser polarised Ey 
(a)(ii) laser polarised Ez 
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The 3 lh multiplet displays the full range of polarisation ratios mentioned for 
this center. At around 12570cm-1 , the splitting of a C4v X 1 (15 ) level of 5cm-1 is 
apparent (fig. 4.27). The 3 H5 multiplet display all the ratios except the (YX):(YY) 
ratio of 1:2 (fig. 4.28). The 16346cm-1 line in the 3 H4 mulitplet (fig 4.29) also 
appeared in the D1 -+ Z emission spectra of the parent C4v center, the origin of 
this line is still unknown. As in the emission to the 3 H4 multiplet of the other 
centers, the presence of some vibronic lines would introduce some uncertainty in the 
assignment of levels to this multiplet. 
4.4.3 Discussion 
A unique feature of the A4 center is the great range of polarisation ratios observed. 
The absorption transitions from both the /l and /'1. ground state levels to the D 
multiplet and subsequent emission, of the C.,.(a) or C11 (b) symmetry configuration, 
would only give at most three different types of polarisation ratios. Hence the Ca( a) 
or Cs(b) centers would not account for all the observed polarisation ratios of the 
A4 center. It appears that the lowest symmetry group C1 is needed to describe the 
polarisation ratios observed for the A4 center. 
The proportional change of broadband transition intensities with Ba2+ concen-
tration is more consistent with a single cation subsitition for the A4 center. Judging 
from the energy shift of the A4 levels from the parent C4v levels in the D multiplet 
("'"' 20cm-1 ), indicating a relatively strong perturbation to the parent C4v center, an 
off-axis barium substitution near to the parent C4v center, in the NN cation sphere, 
would be a likely model. 
To satisfy the criteria for a model with a symmetry lower than the Cs, the 
substitution must break the reflection plane of the Cs center. The substitutions 
depicted in figure 2.2( a )(ii) and (iii) would not fit the requirements of the model 
since the Cs reflection is still preserved. 
(YY) 
(YX) 
11700 
Xu 
11900 12100 12300 
l) 
x9 
x6 
Xs 
Xt 
Xz 
\ 
12500 12700 
Figure 4.27 1 D2 ---+3 H6 Polarised fl.uoresence 
spectra of the A4 mixed crystal center in the 
0.5% Ba2+ doped Sr F2 crystal at llK. 
~ 
,.p.. 
~ 
{!) 
~ :..:· 
Cb 
0... 
D ~ 
.,..,.. 
~ 
~ 
t::i 
.,..,.. 
~ 
tl.l 
i:j• 
til 
"i 
.... 
I 
Ei 
b::l 
t? 
~ 
"t:l 
"i 
c,) 
+ 
...... 
~ 
-.:r 
(YY) 
(YX) 
14000 14200 14400 
(em- I) 
y6 
ALU_._ 
Yz 
I 
y3 
I 
y• 
' 
y,. Ys l! n YI 
14600 
Figure 4.28 1 D2 -+3 115 Polarised fluoresence 
spectra of the A4 mixed crystal center in the 
0.5% Ba2+ doped SrF2 crystal at llK. 
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Figure 4.29 1 D2 -t3 H4 Polarised 
ftuoresence spectra of the A4 mixed crystal 
center in the 0.5% Ba2+ doped Sr F2 crystal 
at liK. 
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A model of the distorted lattice fluorine positions in the Pr3+ C4v center, was 
proposed in the ODNMR work by Burum et al[1982]. Figure 9 of their paper, 
reproduced here in figure 4.30, shows that the lattice fluorines nearest and furthest 
away from the interstitial p-, in the NN position from the Pr3+ ion, do not have 
equal distortions. If the off-axis barium is substituted in the position as shown in 
figure 2.2(a)(i), then it could distort the two p- ligands between the Pr3+ and the 
Ba2+ ion, out of the Cs reflection plane formed by the interstitial p-, the Pr3+ and 
Ba2+ ions. Hence, a possible substitutional arrangement for a likely model would 
be that of figure 2.2(a)(i) with one or both the lattice fiuorines moving out of the Cs 
reflection plane. This in effect produces a center with the lowest possible symmetry 
and would give the greater variety of the polarisation ratios observed. 
4.4 The Mixed Crystal Centers in Sr1-:cBa:cF2 : Pr3+ 
0 Undistorted Fluorine Position 
II Distorted Fluorine Position 
Praseodymium Position 
Figure 4.30 Projection of the normal and distorted fluorine and Pr3+ positions 
on a plane containing the C4 symmetry axis and one of the other [100] axis as 
determined from the ODNMR studies of Burum et a1(1982]. 
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Chapter 5 
Laser Spectroscopy of the 
Deuterated Mixed Crystals 
There are basically two reasons for the interest in deuterated crystal systems. Firstly, 
centers produced from the charge compensation by the n- ions are analogous to 
the p- centers present in these crystals. However, since the deuterium and fluorine 
ions differ both in size and atomic mass, different crystal field levels will be observed 
for equivalent charge compensating interstitial positions of these ions. Additionally, 
the vibrations of the lighter n- ion will give rise to new spectral features associated 
with the vibronic levels. 
The second reason for studying deuterated crystals is that further centers are 
present when the n- ions occupy both the interstitial and lattice positions around 
the Pr3+ ions. This gives rise to lower symmetry centers, which are particularly 
interesting because of their fluorescence bleaching behaviour. A detail study of the 
bleaching centers in the deuterated Ca 1-xSrxF2 : P1·3+ and S1·1-xCaxF2 : Pr3+ 
crystal systems has been performed and will be discussed in chapter 8. 
Overall, the selective excitation studies of the n- mixed crystal centers were 
not as successful as their p- counterparts. In most cases, the simultaneous excita-
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tion of transitions of several centers was unavoidable. To assign the lines observed 
to particular n- mixed crystal centers then required extensive knowledge of the 
lines originating from the unintentional excitation of other centers. If these are not 
available, then the assignment would be ambigous. The results from the investiga-
tions carried out on the single n- charge compensation mixed crystal centers in the 
Cat-xSrxF2 : Pr3+ : D-, Ca1-xBaxF2 : Pr3+ : n-, Sr1-xCaxF2 : Pr3+ : n- and 
Sr1-xBaxF2 : Pr3+ : D- crystals are presented in this chapter in section 5.1, 5.2, 
5.3 and 5.4 respectively. 
5.1 ' 3+ Mixed Crystal Centers in Ca1-xSrxF2 : Pr 
5.1.1 The Excitation Spectra 
The broadband excitation spectrum of cleuterated mixed crystal gave rise to new 
lines (fig. 5.1(a)) not present in the spectrum of the parent CaF2 : n- crystal (fig. 
5.1(b)). These deuterated mixed crystal centers are labelled AI(D-) and A2(D-) 
and as will be shown later, display polarised fluorescence that typifies the Al and 
A2 type centers. 
Figures 5.2( a) and (b) are the excitation spectra of the D- Al and A2 centers 
monitoring the D ....-+ Y transitions at 14564cm-1 and 14575cm-1 respectively. The 
D1 ....-+ Y3 transition of the parent C4v center peaking at 14562cm-I, was sufficiently 
strong to have the shoulder on the higher energy side of its transition peak, extending 
to overlap the transition of the the AI center being monitored by the monochroma-
tor. Hence some residual excitation lines belonging to the parent p- C4v center were 
present. This is not a problem since the C4v levels in the 1 D2 mulitplet could be 
easily identified. The excitation spectrum presents no ambiguity in the assignment 
of the D1 and D2 levels of then- A2 center in the 1 D2 multiplet {fig. 5.2(b)). 
An obvious difference in comparing the selective excitation spectra, while mon-
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itoring a specific transition of the various C411 centers in the CaF2 crystal is the 
relative transition strength of the D1 and D2 levels. In order of ascending relative 
intensity strengths of the D2 excitation levels are those belonging to the A2(F-) 
~ C411(F-), A2(D-) and C4v(D-) centers with D1 and D2 energy level seperations 
of 8.9, 16.7, 12.0 and 39.8 cm-1 respectively. It seems curious that those centers 
which have a D1 and D 2 energy level seperation closer to multiples of 9cm-1 have 
stronger D2 relative intensities. The A2(D-) center in the Ba2+ doped crystal has 
a D1 and D2 seperation of 18.8cm-1 which seems to go with this trend, in fact, it 
has the strongest D2 relative intensity. If the value of 9.4cm-1 is chosen to establish 
this trend, then the A2(F-) center in the Ba2+ doped crystal fits in with the overall 
scheme and with a D1 - D2 seperation of 29.5cm-1 it has a D2 to D1 intensity 
ratio between those of the A2(F-) center in the S1·2+ doped crystal and the parent 
C4v(F-) center. Table 5.1 summarizes the details of this discussion and shows that 
the exception to this trend is the C4v(D-) center. 
Since the D1 ---+ }:2 transition was monitored in all cases, the relative transition 
strengths of the D1 and D2 levels in the various C4v centers arise from the combi~ 
nation of the non-radiative D2 "'-+ D1 decay efficiencies and the relative absorption 
strengths of the Z1 ---+ D2 and D1 transitions. If the former effect is dominant, then 
these observations could be explained by a lattice phonon mode with an energy of 
approximately 9.4cm-1 i.e. closely matching the D1 and D2 energy level seperation 
of the A2(F-) center. 
5.1.2 The Polarised Fluorescence Spectra 
Then- Al and A2 centers studied in Cal-xS1·xF2 : PT3+ are classified based on the 
characteristics of the polarised fluorescence of the transitions observed. This was 
fully discussed in the chapter 4. 1. A discussion of the results from the measurements 
of the fluorescence spectra for the two mixed crystal n- centers studied is presented 
below. 
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(a) 
(b) 
~ 
16700 
C4v(D-) ~ A 
-
-
16750 16800 16850 
(cm-1) 
Fig.ure 5.1 Broadband excitation spectra of the deuterated Ca1_:cSrxF2 : Pr3+ 
crystals, monitoring the D ~ Z transitions at 11K. 
(a) 0.5% Sr2+ doping and deuterated for 60 hours. 
(b) Parent crystal, deuterated for 60 hours. 
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(a) 
(b) 
16700 16750 16800 16850 16900 
Figure 5.2 Selective excitation spectra of the D- mixed crystal centers in the 
0.5% Sr·2+ doped CaF2 crystal at llK obtained by scanning the dye laser and 
monitoring specific transitions. 
(a) the Al center monitoring 14564cm-1 • 
(b) the A2 center monitoring 14575cm-1 • 
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C4v 
centers 
Ba2+ A2(D-) 
Sr2+ A2(F-) 
Ba2+ A2(F-) 
C4v(F-) 
Sr2+ A2(D-) 
C4v(D-) 
D1 - D2 Closest multiple .6. D2 : Dt 
seperation of 9.4cm-1 = lc -171 Intensity ratios 
18.8 18.8 0 5.6 
8.9 9.4 0.5 2.3 
29.5 28.2 1.3 1.5 
16.7 18.8 2.1 0.5 
12.0 9.4 2.6 0.1 
39.8 37.6 2.2 0.06 
Table 5.1: Correlation between the D1 - D2 energy level seperation and the relative 
intensities of the D2 and D1 excitation of the C4v centers in the CaF2 host (see text 
for details). 
As shown in figure 5.3, the D -t lV fluorescence spectra for the n- A1 and A2 
centers display the appropriate polarised fluorescence signature for the respective 
types of center, i.e. (YX):(YY) ratios of approximately 1:0 and 0:1 for the A1 
center (fig. 5.3(a)) and 1:2 and 1:0 for the A2 center (fig. 5.3(b.)). The characteristic 
(ZX):(ZY) polarisation ratios of 0:0 and 1:1 were also observed for the AI center. 
The similiarity in the fluorescence spectra observed for the equivalent class of p-
and n- mixed crystal centers suggests a close analogy. Therefore, models assigned 
to the mixed crystal F- A1 and A2 centers should apply to the corresponding n-
Al and A2 centers as well. 
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Table 5.2(a) The energy levels (in cm-1) of then- mixed crystal centers A1 and A2 in 
Ca1_xSrxF2:Pr3+:D-. Uncertainties are ±1cm-1 • unless otherwise indicated. The irrep 
labels for each level are given in brackets. 
A1 A2 
D2 16805.3 2: 0.5 bt) 16784.8 2: 0.5 ('r3) 
D1 16754.6 2: 0.5 ('n) 16772.8 2: 0.5 (It) 
Ws - bt) NA 
w4 5394 (it) (14) 
w3 5367 (12) . 5356 (is) 
w2 5361 ( 1'2) (13) 
w1 5304 bt) 5300 (/I) 
X13 - bt) NA 
X12 - bt) NA 
Xn 5001 (1'2) NA 
X1o 4942 ( 1'1) (1'3) 
Xg (1'2) 4956 (Is) 
Xs 4871 (I'd 4869 (It) 
x1 (1'2) (14) 
x6 4592 (It) (1'3) 
Xs 4529 (1'2) ( 1'2) 
x4 4482 2:5 (It) 4502 (Is) 
x3 (1'2) 4449 (73) 
x2 4179 (II) (1'4) 
Xt 4174 (1'2) 4185 bs) 
Yn - (1'2) NA 
Yto - (1'2) NA 
Yg (1'1) NA 
Ys (/2) ( 1'4) 
y7 2420 2: 5 (1'2) (Is) 
y6 2397 (I'd (1'2) 
Ys (II) 2389 2: 5 bs) 
y4 2237 (1'2) (13) 
y3 2224 (1'1) 2240 (Is) 
y2 2191 bt) 2198 (I'd 
Yt ( /2) (1'2) 
140 
z9 (It) NA 
Zs 592 (12) NA 
z1 546 bt) (i3) 
z6 529 hi) 547 (is) 
Zs - h2) 519t (II) 
z4 462::!: 10 bt) (i2) 
z3 196 * h2) 439::!: 10 (il) 
z2 10.4 bt) (i4) 
z1 0 (12) 0 (is) 
Levels which could not be unambigously assign are marked With an asterisk. 
NA- Excited levels not applicable to the A2 C4v center. 
t - electronic level inferred from the vibronic transition. 
Table 5.2(b) Assignment of the vibronic energy levels (in cm-1 ) for the n- mixed 
crystal centers Al and A2 in Ca1_xSrxF2:Pr3+:D-. 
Al A2 
Zt(xa) 742 Z1(x) 711 
Z1(za) . 794 Z1(z) 774 
Zt(zb) 804 Zs(x) 1229 
Z4(za) 1257 Z6(z) 1322 
Z6(za) 1316 X1(x) 4906 
Zs(xa) 1312 Xt(z) 4966 
Zs(za) 1377 
X1(xa) 4895 
X1(xb) 4919 
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The D ~X transitions span a region of 1200cm-1 and the signals are extremely 
weak. The best approach was to capitalise on the stronger signal from an unpolarised 
scan to determine regions where there are obvious features of interest. Polarised 
·scans in selected regions of the spectra with a substantially longer integration time 
of 15 to 30 seconds per data point were then performed. The spectra from these 
scans are presented in figure 5.4. 
Samarium contamination in the Pr F3 powder used in the crystal growth presents 
annoying problems in the study of deuterated samples. The deuteration process was 
found to enhance the population of the Sm2+ centers in the crystals [Reeves, 1987]. 
The frequency used in the excitation of the A1 and A2 centers in the D multiplet 
coincided with the absorption band of the Sm2+ ion, peaking at 1G103cm-1 with a 
bandwidth of approximately 500cm-1 and labelled line B in the work of Wood et 
al [1962]. The strong but decreasing background observed in the D _, X transition 
(fig. 5.4(a) and (b)) originates from the transitions of the Sm2+ centers which are 
simultaneously excited. The lines at 12500, 12545 and 126,50cm-1 which appeared 
for fluorescence spectra of the Al and A2 center to the X multiplet, can be attributed 
to Sm2+ transitions (table III, vVood et al, 1962) in the CaF2 host. 
Assigning the levels in the Y mulitplet for the Al center is relatively straight-
forward, while some additional lines in the same multiplet for the A2 center were 
difficult to account for. By detuning the laser from the excitation frequency, it was 
found that the intensities of the lines marked with clots in figure 5.5(b) do not corre-
late with the main transitions belonging to the A1 center. The nature of the centers 
contributing to those extra lines is unclertermined in this study. 
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Figure 5.3 1 D2 -+3 F2 Polarised fluoresence 
spectra of the n- mixed crystal centers in 
the 0.5% Sr2+ doped GaF2 crystal at IlK. 
(a) the AI center, pumping 16754.6cm-1 • 
Laser polarised (i) Ey and (ii) Ez. 
(b) the A2 center, pumping 16772.Scm-1 . 
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Figure 5.4 1 D2 -t3 lh Polarised fluoresence spectra of the n- mixed crystal 
centers in the 0.5% Sr2+ doped CaF2 crystal at llK 
(a) the Al center, pumping 16754.6cm-1 . 
(b) the A2 center, pumping 16772.8cm-1 • 
The bottom trace is the unpolarised spectra. 
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(yY) 
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Figure 5.5 1 D2 ~3 H5 Polarised ftuoresence spectra of the n- mixed crystal 
centers in the 0.5% Sr2+ doped CaF2 crystal at llK. 
(a) the AI center, pumping 16754.6cm-1 . 
(b) the A2 center, pumping 16772.Scm-1 . 
The lines labelled with dots belong to unrelated centers. 
~ 
..... 
~ (b 
~ Q.. 
Q 
~ 
.,.... 
~ 
-~ 
.,.... 
~ ()) 
s· 
t::l (b 
c 
.,.... 
~ 
.,.... 
2.. 
Q 
~ 
..... 
I 
a 
\.1:) 
~ 
:J:l 
'1:l 
"1 
"' + 
..... 
,.j::.. 
-.:( 
y7 
I 
(a) 
~
14200 
Ys 
I 
14400 
~
14200 
14400 
14400 
14500 
(cm-1) 
y4 
y2 
y3 
(YY) 
(YY) 
(YX) (YX) 
14600 14300 
(b) 
y3 
14500 
(cm-1) 
y2 
14700 
....... 
H:>-
00 
5.1 The Mixed Crystal Centers in Deuterated Ca1_xSrxF2 : Pr3+ 149 
Given the marginal signal to noise ratio of the transitions to the W,X,Y multi-
plets, the vibronic levels could not be easily observed in transitions to these multi-
plets, hence no attempt was made to look for them there. The extra vibronic features 
in the mixed crystal were only studied for the D -r Z transitions. The D -r Z tran-
sitions of the Al and A2 mixed crystal centers are presented in figures 5.6(a)(i) and 
(b )(i) respectively, with the vibronic transitions distinguised by additional labels in 
brackets (fig. 5.6(a)(ii) and (b )(ii)). The first label within the bracket, either 'x' or 
'z' identifies the C4v center local vibrational mode which gave rise to the vibronic 
level observed. If the symmetry is lower than C4v as for the case of the Al center, 
then additional labels 'a' and 'b' will be present within the brackets, to reflect the 
lifting of the degeneracy of the C4v center vibronic levels. The other labels represent 
the electronic levels that couple to a particular local vibrational mode to give the 
observed vibronic levels. 
The polarisation ratios expected for the vibronic levels are determined by the 
irreps of the electronic and vibronic levels involved in the excitation and emis-
sion. · As an example, for a C4v center, a Z1(!5 ) -r D1 (1I) absorption and a 
D1("Yl) -r Z1(z)(l5) decay, would require a 0' absorption of laser radiation and 
would give a 0' emission of fluorescence, and a (YX):(YY) polarisation ratio of 1:2 
is observed [Reeves,l987] as predicted1 . Similarly, a Dl (it) -r zl (X )(It) decay gave 
a (YX):(YY) polarisation ratio of 1:0 as expected for the C411 center. 
The transitions to the Z1(z) and Z1(x) vibronic levels of the A2 center gave the 
same polarisation ratios as would be expected for a center with a C4 v symmetry, 
thus further confirming the initial model assignment of the A2 center as having a 
C4v symmetry. The other lines (marked with dots) do not belong to the A2 center 
(figure 5.6(b) (ii)). 
The Z1(z) vibronic level of a 0 411 center, with a Is irrep is doubly degenerate. 
\iVhen the symmetry is lowered to Cs, the lifting of the degeneracy would give 
two lines, one with an irrep of /l and another of 12 of the Cs point group. The 
fluoresecence spectra of the AI center (fig. 5.6(a)(ii)), assigned a Cs(b) symmetry 
1refer to chap 2.2 
Figure 5.6 1 D2 ---+3 H4 Polarised fluoresence spectra of the n- mixed crystal 
centers in the 0.5% Sr2+ doped CaF2 crystal at 11 K. 
(a) the Al center, pumping 16754.6cm-1 . 
(b) the A2 center, pumping 16772.8cm-1 • 
Unrelated centers are labelled with dots. 
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configuration, demonstrates such a lifting of the degeneracy. Two levels are observed 
at 15951 and 15961cm-1 , labelled Z1(za) and Z1 (zb ). Further, the polarisation ratios 
of 1:0 and 0:1 observed are consistent with a 12 ~ 11 excitation followed by 11 ~ 11 
or 11 -t 12 emission transitions of a Ca(b) symmetry center. The C4v Z1(x) , 11 
or 13 level would give rise to a Ca(b) level with a 11 irrep in the A1 center. The 
polarisation ratio observed at 16013cm-1 of 1:0 is in agreement with a terminating 
level of a /l irrep for a 0 8 center. 
The assignments of the electonic and vibronic levels observed for the Al and A2 
centers are given in table 5.2. 
5.2 Mixed Crystal Centers in Ca1_xBaxF2 • Pr3+ · n-
From the study of the undeuterated CaF2 : P1·3+ crystal, it was found that the Ba2+ 
doped crystal gave more mixed crystal centers at a similar concentration of dopant 
than the Sr2+ doped mixed crystal. It was anticipated the concentration of the Ba2+ 
doping should be kept at a minimal level of 0.3%, to keep the increased number 
of centers after deuteration to a manageable level. Further, as the Ba2+ doped 
crystals did not appear to be able to sustain a prolonged period of deuteration, the 
crystal used in this study was deuterated only for 21! hours compared to 60 hours 
of deuteration treatment for the Sr2+ doped crystals. This greatly sacrificed the 
emission output of the D- centers but improved on the resolution of the lines. As 
a result, two centers could be satisfactorily studied, but only just. These have the 
characteristic polarisation of the Al and A2 type centers corresponding to the on-off 
axis and on-axis substitution of the Ba2+ cation previously described in chapter 4. 
The spectroscopic results of these mixed crystal centers are presented below. 
154 
A2(F-) 
K 
16700 16750 16800 16850 
Figure 5.7 Broadband excitation spectra of the deuterated Ca1_:cBa:x:F2 : Pr3+ 
crystals, monitoring the D -+ Z transitions at llK. 
This crystal was doped with 0.3% Ba2+ and deuterated for 24 hours. Comparison 
of this spectrum with the spectrum of the deuterated parent crystal of :figure 
5.1(b) would reveal the transitions of the Ba2+ mixed crystal centers. 
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(a) 
(b) 
16700 16750 16800 16850 
Figure 5.8 Selective excitation spectra of the D- mixed crystal centers in the 
0.3% Ba2+ doped CaF2 crystal at llK obtained by scanning the dye laser and 
monitoring specific transitions. 
(a) the Al center monitoring 1454lcm-1 • 
(a) the A2 center monitoring 144SGcm-1 
Transitions of unrelated centers are marked with dots. 
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5.2.1 The Excitation Spectra 
Not surprisingly, the Ba2+ mixed c~ystal displayed more lines than the Sr2+ doped 
crystal corresponding to the formation of more different type of n- mixed crystal 
centers; Two centers, with their most prominent transitions at 16729.9cm-1 and 
16783cm-1 in the broadband excitation spectra were chosen to be studied (fig. 5.7). 
There are further weaker transitions belonging to other centers, particularly in the 
broad transition band centered around 16770cm-1 and at the shoulders of the parent 
C4v(D-) and Al(F-) D1 levels. LSE studies of those centers were not feasible. The 
n- mixed· crystal lines are further away from the parent C4v( n-) lines compared 
to those of the D- mixed crystal centers of the Sr2+ doped crystal. This again 
demonstrates the larger distortion produced by the Ba2+ ions on the parent C4v 
center in this host crystal. 
The selective excitation monitoring a specific transition of the AI or A2 center 
and scanning the dye laser through the D multiplet, did not yield spectra that 
allow convenient identification of the levels that belong to these centers (fig. 5.8). 
Through prior knowledge of the levels belonging to other centers, it was possible to 
successfully identify those lines belonging solely to the AI and A2 centers. However, 
the lines labelled with dots in figure 5.8( a) do not belong to either of the mixed 
crystal centers under discussion nor to any of the centers previously studied. 
Attempts to ascertain the D2 level of the AI center by monitoring different 
D -4 Y transitions, or by correlating the transition intensities by shifting the 
monochromator slightly off the transition peaks proved to be unfruitful. The D2 
level remains unidentified at this stage. 
As discussed in section 5.l.I, the C4v type centers which have D1 - D2 energy 
level seperation values close to mulitiples of 9cm-I, are expected to have a stronger 
D 2 transition when the selective excitation is performed by monitoring a transition 
emitting from the D1 level. The D1 - D2 seperation for the A2( D-) center is 
18.8cm-1 and have the strongest D2 relative intensities of all the C4v centers studied 
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Table 5.3(a). The energy levels (in cm-1) of the D- mixed crystal centers A1 and A2 
in Ca1-xBa:cF2:Pr3+:D-. Uncertainties are ±lcm-1 • unless otherwise indicated. The 
irrep labels for each level are given in brackets. 
A1 A2 
D2 ('yl) 16784.6 :!: 0.5 (/3) 
D1 16729.9 :!: 0.5 ( 'Yl) 16765.8 :!: 0.5 (It) 
Ws - bt) NA 
w4 . 5407 ('n) (14) 
w3 5381 (12) 5358 (Is) 
w2 5359 (12) (13) 
w1 5312 bt) 5291 bt) 
Xt3 - (II) NA 
X12 5038 * (It) NA 
Xu 5024 * (12) NA 
X to 4912 bt) (13) 
x9 (12) 4947 (Is) 
Xs (It) (It) 
x1 (12) (14) 
x6 (rt) (13) 
Xs (12) (lz) 
x4 Cit) 4482 (Is) 
X3 (Jz) (13) 
Xz 4189 (II) (14) 
Xt 4178 (lz) 4209 (Is) 
Yn - (12) NA 
Yto - (12) NA 
y9 bt) NA 
Ys (Jz) (14) 
y7 2434:!: 3 (12) 2345 (Is) 
y6 (It) ( 12) 
Ys (It) 2280:!: 5 (Is) 
y4 2262 bz) (13) 
y3 2237 (It) 2209 (Is) 
y2 2188 ('yt) 2198 (It) 
Yt 2185 bz) (lz) 
158 
Zg 
- bt) NA 
Zs 637 bt) NA 
z1 553 :!= 10 (/z) 803 (/3) 
z6 495 :!= 10 (It) 536 (Is) 
Zs - (12) 465 (It) 
z4 450 :!= 10 bt) (/z) 
z3 205 * (12) 403 :!= 10 bt) 
z2 19.1 :!= 0.5 (It) (14) 
Zt 0 (/z) 0 (Is) 
Levels which could not be unambigously assign are marked with an asterisk. 
NA- Excited levels not applicable to the A2 C4v center. 
Table 5.3(b) Assignment of the vibronic energy levels (in cm- 1) for the n- mixed 
crystal centers A1 and A2 in Cal-xBaxF2:Pr3+:D-. 
A1 A2 
Zt(xa) 746 Z1(x) 673 
Zt(xb) 761 Z1(z) 745 
Zt(za) 781 ZB(z) 1291 
Z4(zb) 799 
Zs(xa) 1375 
Zs(za) 1412 
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in the CaF2 host. 
5.2.2 The Polarised Fluorescence Spectra 
The signals from the fluorescence of the n- mixed crystals doped with Ba2+ are 
very weak for reasons discussed at the start of this section. Typical integration 
times of 5 to 15 seconds per data point were required for the fluorescence spectra 
displayed below. 
The A1 and A2 centers in the Ca1-xBaxF2 : Pr3+ : D- crystal display all the 
polarisation ratios typifying the respective centers. This is evident for the D -+ }V 
transitions as shown in figures 5.9( a) and (b) for the A1 and A2 centers respectively. 
Using the same method to study the D -+ X transitions as described in sec-
tion 5.1, the excitation spectra recorded are as shown in figure 5.10. The varying 
background and lines attributed to Sm2+ contamination apparent in the fluores-
cence spectra of the Sr2+ mixed crystal centers are again present. The A1 and 
A2 transitions were extremely weak even without the analyzer in placed, hence the 
discrimination of most transitions of the Al and A2 centers was marginal. The 
region between 12100 and 12300cm-1 for the Al center was found to be too weak 
for polarised measurements to be taken. 
160 
0 0 "' 
,..... 
,..... 
(b) 
w3 
(YX) 
11400 
(cm-1) 
w1 
11500 
Figure 5.9 1 D2 -+3 F2 Polarised fluoresence 
spectra of the n- mixed crystal centers in 
the 0.3% Ba2+ doped CaF2 crystal at llK. 
(a) the Al center, pumping 16729.9cm-1 • 
Laser polarised (i) Ey and (ii) Ez. 
(b) the A2 center, pumping 16765.8cm-1 • 
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Figure 5.10 1 D 2 --+3 H 6 Polarised fiuoresence spectra of then-
mixed crystal centers in the 0.3% Ba2+ doped CaF2 crystal at 
llK. 
(a) the Al center, pumping 16729.9cm-1 • 
(b) the A2 center, pumping 16765.8cm-1 • 
The trace at the bottom right hand corner is the unpolarised 
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Figure 5.11 1 D2 ll5 Polarised ftuoresence spectra of then- mixed crystal 
centers in the 0.3% Ba2+ doped CaF2 crystal at IlK. 
(a) the Al center, pumping 16729.9cm-1 • 
(b) the A2 center, p~mping 16765.8cm-1 • 
The transitions of unrelated centers are labelled with dots. 
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Fluorescence transitions from the D to Y multiplet for the A1 and A2 centers 
are displayed in figure 5.11. There appear to be many more lines than expected, 
for the A2 center to this multiplet. Subsequent investigations revealed these lines, 
which are labelled with dots in figure 5.11(b), belong to other unrelated centers. 
Figures 5.12(a)(i) and (b)(i) give the electronic transitions of the D--+ Z transi-
tions of the Al and A2 centers. For the A2 center, a few overlapping transitions are 
apparent between 16600 to 1668Qcm-1 • The (YX):(YY) polarisation ratios of 1:2 
observed would require a /s level to be assigned to these lines for consistency with 
the A2 center having a C4v symmetry. However, a 15 level is not expected in this 
spectral region and hence these lines cannot be due to electronic dipole transitions 
of the A2 center. It is most likely they originate from the vibronics associated with 
the lattice phonons or from other unknown centers. · 
The vibronic levels in the Z multiplet of the A2 center are identified amidst 
the noisy background (fig. 5.12(b )(ii)) by correlation of the transition intensities 
while tuning and detuning the laser excitation frequency around 16785cm-1 • At 
15964cm-1 , a line appeared which does not fit into the overall vibronic scheme. 
However, it has an (YX):(YY) polarisation ratio of 1:0 consistent with the D2{J3)--+ 
Z7 ( 13 ) transition. Further a much weaker emission is supportive evidence that this 
transition originates from the D2 level. Therefore, the 15964cm -l line is attributed 
to the D2(/3 ) --+ Z7(J3 ) transition , hence identifying the Z1 level of the A2 center. 
For the Al center, the vibronics are clearly identified in figures 5.12(a)(ii). The 
lifting of the two-fold degeneracy of the C4u Z1 (z)(J5 ) level is evident at 15949 and 
1593lcm -l with polarisation ratios as discussed for the case of the A1 n- center in 
the Sr2+ doped crystal. A prominent extra line with an (YX):(YY) ratio of 0:1 was 
found at 15969cm-1 • This can be attributed to the splitting of the 4-fold degeneracy 
of the vibronic level from the coupling of the electronic ground state 15 level with 
the ( x, y) local mode vibrations. 
Table 5.3 lists the energy level assignment of the A 1 and A2 centers studied. 
Figure 5.12 1 D2 ---73 H4 Polarised fiuoresence spectra of the n- mixed crystal 
centers in the 0.3% Ba2+ doped CaF2 crystal at IlK. 
(a) the Al center, pumping 16729.9cm-1 . 
(b) the A2 center, pumping 16765.8cm-1 • 
'The transitions of unrelated centers are labelled with dots. 
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5.3 Mixed Crystal Centers in Sr1_xCaxF2 : Pr3+ : n-
Two centers were studied in this crystal, both displaying the A3 type polarisation 
behaviour and are labelled A3(I) and A3(I I) accordingly. A proper study of the 
n- mixed crystal centers in this crystal system is hampered by some degree of 
uncertainty in the number of centers actually being excited since the lines are closely 
overlapped. Therefore, the levels obtained could not be confidently assigned. 
5.3.1 The Excitation Spectra 
A cursory examination of the the broadband excitation spectrum (fig. 5.13) reveals 
several unresolved line structures which are broad and tend to merge together. Some 
of these broader transition lines probably arise from the D2 levels of bleaching centers 
like those found in the excitation spectra of the Cs centers in the CaF2 host crystal 
(chap. 8), while others belong to mixed crystal centers. LSE investigations of these 
broader transitions belonging to the mixed crystal centers could not be satisfactorily 
performed due to extensive overlapping of these lines. 
From the experience gained from the study of the p- satellite structures, the 
positions of the n- satellite structures suggest that they are associated with the D 2 
levels of the mixed crystal centers hence it is likely that the D1 and D2 levels are 
very close together, center at 16820.1cm-1 • 
A definite assignment of the levels in the D multiplet for the A3(I) and A3(I I) 
centers by selective excitation via monitoring a line and scanning the dye laser 
was not possible. While the satellite lines found in the broadband spectrum were 
positively identified to be those of the A3(I) and A3(I I) centers (fig. 5.14), it is 
uncertain whether they should be assigned as absorption to the D1 or D2 levels of 
the mixed crystal centers. However, following the trend found in the study of the 
p- satellites, the n- satellites located on the higher energy shoulder of the C4v n-
line would be the lines resulting from the Z1 and Z2 to D2 transitions of the several 
172 
mixed crystal centers. 
In.the work of Reeves[l987], the D2 level of the parent C4v n- center was never 
found. It was hoped that tl;te location of the satellite structures in the mixed crystal 
system would eventually lead to an assignment of the D2 level. If the satellite 
structures indeed give the D2 levels of the A3(I) and A3(II) centers, then the D1 
and D2 levels of the parent 0 411 center are centered at 16820.1cm-1 and seperated 
by less than 0.2cm-1, below the resolution limit of the SPEX1403 monochromator 
used. 
5.3.2 The Polarised Fluorescence Spectra 
To get the polarised spectra, the Z2 -+ D transitions at 16821.1 and 16822.2 cm-1 for 
the A3(J) and A3(I I) centers respectively, would appear to be the best frequencies 
to be pumped by the dye laser for optimal selectivity in the excitation. Undoubtedly, 
cross-pumping of several transitions would be unavoidable and possibly, the strong 
overlap of the centers would also promote cross-relaxation of energy from one center 
to another. In view of these, the assigment of the levels would be highly ambigous. 
Examination of the D -+ W polarised fluorescence spectra for both the A3(I) 
and A3(I I) centers reveals only the (YX):(YY) polarisation ratios 1:2 or 1:0 char-
acteristic of the A3 type centers (fig 5.15). The transitions centered at 11525cm-1 
of the A3(I) center appears to show a splitting of the n- parent C4v W3 (J5 ) level, 
though this splitting is presently not well resolved. The excitation of the line at 
16822.2 cm-1 of the A3(I I) center gave more structure then expected for this multi-
plet. By the usual techniques, the lines that do not appear to belong to the A3(I I) 
center were identified (fig. 5.15(b ), labelled with dots). This leaves the two lines 
at 11573 and 11526cm-1 as those of the D -+ W1 and D -+ W3 transition of the 
A3(I I) center. 
A positive assignment of the lines in the 12250 to 12700 cm-1 region of the 
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C.,(l) 
A3(II)(D-) 
n (a) 
{b) 
16700 16800 
Figure 5.13 Broadband excitation spectra of the Sr1-x:Cax:F2 : Pr3+ crystals, 
monitoring the D -+ Z transitions at 11K 
(a) 1% C a2+ doping and deuterated for 48 hours. 
(b) parent crystal, deutcrated for 48 hours. 
16900 
174 
(a) 
(b) 
16810 16830 
Figure 5.14 Selective excitation spectra of the n- mixed crystal centers in the 
1% C a2+ doped Sr F2 crystal at llK obtained by scanning the dye laser and 
monitoring specific transitions. 
(a) the A3(I) center monitoring 14618cm-1 • 
(a) the A3(I I) center monitoring 14624cm-1 . 
The transitions of unrelated centers are labelled with dots. 
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Table 5.4(a) Tentative energy levels (in cm-1) of the n- mixed crystal centers A3(I) 
and A3(II) in Srt-xCarcF2:Pr3+:D-. The D2 level was chosen to be the emitting level. 
Uncertainties are ±lcm-1 unless otherwise indicated. The irrep labels are not given 
since the actual symmetries of the centers are undetermined at present. 
A3(I} A3(II) 
D2 16824.8 :!: 0.5 16824.6 :!: 0.5 
Dt 16824.8 :!: 0.5 16824.6 :!: 0.5 
Ws 
w4 
w3 5294 
w2 5296 5287 
Wt 5253 5251 
X13 5063:!: 10 5064:!: 10 
X12 - 4933 
Xn 4927 4927 
x10 4834 4828 
x9 
Xs 
Xr 
Xs 
Xs 
x4 
x3 
x2 
x1 
Yu -
ylO 
-
y9 
Ys 
Yr 
Ys 2338 2338 
Ys 2306 2310 
y4 
y3 2258 2256 
y2 2204 2200 
Yt 
176 
Zg 739 i: 10 749 : 10 
Zs -
z1 500 504 
z6 466 * : 5 470 • + 5 
Zs -
z4 386 + 5 382 + 5 
z3 -
z2 2.6 i: 0.5 1.5 : 0.5 
z1 0 0 
Levels which could not be unambigously assign are marked with an asterisk. 
Table 5.4(b) Tentative assignment of the vibronic energy levels (in cm-1 ) for the D-
mixed crystal centers A3(I) and A3(II) in Sr1-xCaxF2 :Pr3+:D-. 
A3(I) A3(II) 
Zt(xa) 663 zl ( xa) 665 
Zt(xb) 673 Z1 ( xb) 685 
Z1(za) 678 zl ( za) 698 
Z1(za) 1183 Zt(zb) 711 
Z1(za) 1192 
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D --;. X transitions (fig. 5.16) is not possible at this stage for either A3(I) or 
A3(I I) centers. For the parent C4v n- center, this region contained more lines 
than expected from those expected if the lines were all due to electronic transitions. 
Reeves[1987] assigned all these as vibronic levels from the coupling with the lattice 
phonons except one with an (YX):(YY) polarisation ratio of 1:2 consistent with a 
D1(13 ) _..,. X 4 (15) transition at 12335cm-1 . In the mixed crystal case however, there 
is insufficient evidence from the polarisation measurements to provide a definite 
assignment to any of the lines. The transitions to the upper levels of the X multiplet 
seem to have more clear-cut polarisation ratios and a tentative assignment was 
therefore possible. 
Figure 5.15 1 D2 ~3 F2 Polarised fluoresence spectra of the D- mixed crystal 
centers in the 1% Ca2+ doped SrF2 crystal at llK. 
(a) the A3(I) center, pumping 1682l.lcm-1 • 
(b) the A3(I I) center, pumping 16822.2cm-1 . 
The transitions of unrelated centers are labelled with dots. 
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Figure 5.16 1 D2 ~3 H6 Polarised fluoresence spectra of the n- mixed crystal 
centers in the 1% Ca2+ doped SrF2 crystal at llK. 
(a) the A3(I) center, pumping 1682l.lcm-1 • 
(b) the A3(I I) center, pumping 16822.2crn.-1 • 
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Figure 5.17 1 D2 -+3 115 Polarised fluoresence spectra of then- mixed crystal 
centers in the 1% Ca2+ doped SrF2 crystal at IlK. 
(a) the A3(I) center, pumping 1682Llcm-1 . 
(b) the A3(II) center, pumping 16822.2cm-1 • 
The transitions of unrelated centers are labelled with dots. 
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Figure 5.17 shows the D --+ Y transitions. One feature of the A3 type centers 
is the similarity of their fluorescence spectra to that of the parent C4v center. This 
feature is exhibited in transitions to this multiplet. Some other lines not belonging 
to the A3(J) and A3(11) centers .were also present and these most likely originate 
from the other mixed crystal centers not studied. 
The D --+ Z electronic and vibronic transitions are shown in figure 5.18(a) and 
(b) respectively. Attempts to assign the vibronic levels for the A3( I) and A3( I I) 
centers with the present set of data would be futile since many more lines were 
observed then expected. This region of the spectra also contain the Sm2+ band 
at 16142cm-1 , further complicating the assignment. In spite of these difficulties, 
a tentative assignment of the vibronic levels is indicated in figure 5.18( a)(ii) and 
(b)(ii) and table 5.4 lists the assignments of levels for the two centers studied. 
5.4 Mixed Crystal Centers in Sr1_xBaxF2 Pr3+ : n-
Two n- mixed crystal centers were also studied in the Sr1_xBaxF2 : Pr3+ : n-
crystal. One of these has a polarised fluorescence characteristic of the A4 center. 
T.he ·other mixed crystal center st~died appears to have polarised fluorescence more 
consistent with a mixed crystal A2 center which has a C4v symmetry. Discussion of 
these two centers follows below. 
5.4.1 The Excitation Spectra 
Figures 5.19 presents the broadband excitation spectrum in the D multiplet of the 
Srt-xBaxF2 : Pr3+ : n- crystal studied. Apart from the position of the satellite 
structures, the features of this spectrum are not very different from those of the 
Srt-xCaxF2 : Pr3+ : n- crystal. The A4 center Z1 --+ D1 line at 16795.2cm-1 
could still by and large, be selectively pumped though this transition seems to 
Figure 5.18 1 D 2 --+3 H4 Polarised fl.uoresence spectra of the n- mixed crystal 
centers in the 1% C a2+ doped Sr F2 crystal at 11 K. 
(a) the A3(I) center, pumping 1682l.lcm-1 . 
(b) the A3(I I) center, pumping 16822.2cm-1 • 
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reside on top of a broader but weaker band. However, the same cannot be said of 
the A2 center. The Z1 -+ D1 transition at 16805.6cm-1 of the A2 center lies on 
a relatively stronger transition band and would not be suitable for pumping. The 
Z1 -+ D2 transition at 16833.5cm-1 is more suitable but there is still an overlap of 
this line with· other transitions, the major one being the the Z1 -+ D1 transition of 
the A4(F-) center. 
The selective excitation spectra monitoring the transitions of the A2 and A4 
centers at 14520.4 and 14586.4cm-1 respectively are as shown in figure 5.20. Lines 
from many more centers contributed to these excitation spectra and they are readily 
identified from previous work in this thesis. This set of spectra best highlights the 
difficulties that could be encountered in the LSE of a multisite crystal system and 
the importance of an accurate set of spectral data of a simpler system with a reduced 
number of sites, before the study of a more complicated system is attempted. 
From the similar properties of their polarised transitions, the A4 ( n-) and A4( p-) 
centers are deduced to have analogous structures. The presence of an A2(D-) 
center suggests that the A2(F-) center must also be present as well though the 
transitions of the A2(F-) center were not observed when the undeuterated Ba2+ 
doped Sr F2 : Pr3+ crystal system was studied. A possible reason for this is that 
the smaller ionic radius mismatch between the Sr2+ and Ba2+ ions means that an 
on-axis substitution of a Sr2+ ion by the dop~nt Ba2+ ion does not give a suffi-
ciently large change in the crystal field to allow the levels of the A2( p-) center to 
be discriminated from the parent C4v transitions. 
5.4.2 The Polarised Fluorescence Spectra 
The simpler D -+ W transitions best illustrate the polarisation features of the A2 
and A4 type centers as shown in figures 5.21 (a) and (b) respectively. Polarisation 
ratios found for the A2 center, together with the lack of a ground state energy level 
splitting in the excitation spectrum of this center confirms the assignment of a C4v 
5.4 The Mixed Crystal Centers in Srt-xBaxF2 : Pr·3+ : D- 189 
C,(l) 
16700 16800 16900 
Figure 5.19 Broadband excitation spectra of the Sr1_xBaxF2 : Pr·3+ crystals, 
monitoring the D -t Z transitions at llK. This crystal was doped with 0.5% Ba2+ 
and deuterated for 32 hours. 
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(a) 
A3( p-) ____,1 ....... 11
(b) 
16800 16900 
Figure 5.20 Selective excitation spectra of the n- mixed crystal centers in the 
0.5% Ba2+ doped.SrF2 crystal at llK obtained by scanning the dye laser and 
monitoring specific transitions. 
(a) the A4 center monitoring 14586cm-1 • 
(b) the A2 center monitoring 14520cm-1 • 
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symmetry to this center. The discussion of the F- A4 center in section 4.4 applies to 
then- A4 center studied here as well, the hallmark of this type of center being the 
greater range of polarisation ratios observed, which appears to necessitate a model 
which has the lowest symmetry group, cl. 
The distingushing polarisation ratios for both these centers are also evident in 
the transitions to the X,Y,Z multiplets. as shown in figures 5.22, 5.23, 5.24 respec-
tively. The assignment of the levels in the X multiplet is less successful as was the 
case for the parent C4v center. The major difficulty, as discussed in section 5.3, is 
associated with the vibronics due to the lattice phonons. Weaker transitions from 
sites other than those of interests were also present and they could, by and large be 
discriminated from the transitions of the center being studied. There is an anomaly 
in the fluorescence spectra of the A2 center for the X multiplet. This concerns the 
transition to the X 10 leveL Given the assignment of a 13 irrep to this level, it is 
expected that the (YX):(YY) polarisation ratio observed should be 1:0. The ratio 
observed was closer to 3:1. It is likely that other unrelated centers also contributed 
to this transition band. A similar problem was also encountered in attempts to 
assign the transition band at 16085cm-1 in the transitions to the Z multiplet. 
The sharpest and strongest line due to the Sm2+ impurity in S1·F2 crystals is at 
1435lcm-1 • It appeared in the fluorescence spectra of the A2 and A4 centers being 
studied and makes assignment of the Y7 and Y8 levels of the A2 center impossible. 
The richness of the spectra due to the unavoidable simultaneous excitation of a few 
centers in the D ~ Z transitions for both the centers studied preclude a confident 
assignment of the levels in this multiplet. Other than the Z6 and Z3 levels for the 
A2 center, the remaining weaker lines are due to vibronic transitions and excitation 
of other centers. Too much doubt remains as to the origin of these lines, hence no 
assigments were made for them. Table 5.5 present the assignments of the levels for 
these centers. 
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Table 5.5(a) The energy levels (in cm-1 ) of the D- mixed crystal centers A4 and A2 in 
Sr1-xBaxF2:Pr3+:D-. Uncertainties are ±lcm-1 unless otherwise indicated. The irrep 
labels for the levels of the A4 center are not given since the symmetry is not known at 
present. 
A4 A2 
D2 16853.7 2: 0.5 16832.7 + 0.5 (Ja) 
D1 16794.4 2: 0.5 16804.8 :!: 0.5 (71) 
Ws - NA 
w4 - 5372 (74) 
Wa 5296 5296 (7s) 
w2 5399 (7a) 
W1 5261 5235 (71) 
X1a 5060 2: 10 NA 
x12 4958 NA 
Xn 4891 NA 
X1o 4824 2: 10 5050:!: 10 (7a) 
Xg 4912 (Is) 
Xs 4797 (71) 
x1 (74) 
X a (7a) 
Xs 4473 (72) 
x4 4460 (7s) 
X a (7a) 
x2 4236 4372 (74) 
x1 4232 (7s) 
Yu - NA 
ylO - NA 
y9 NA 
Ys (74) 
y7 (7s) 
y6 2339 2: 5 (72) 
Ys 2310 2286 2: 5 (7s) 
y4 2271 2268 (7a) 
Ya 2254 (7s) 
y2 2208 2259 (71) 
yl 2190 bz) 
5.4 The Mixed Crystal Centers in Sr1_xBa:xF2 : Pr3+ : n-
z9 - (11) NA 
Za 538 (1'1) NA 
z1 467 * ± 5 (1'2) 
z6 457 ± 5 (1'1) 485 
Zs - (1'2) 
z4 381 ± 10 (1'1) 
z3 162 * (1'2) 422 ± 10 
z2 12.0 ± 0.5 (1'1) 
z1 0 (1'2) 0 
Levels which could not be unambigously assign are marked with an asterisk. 
NA- Excited levels not applicable to the A2 C411 center. 
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Table 5.5(b) Tentative assignment of the vibronic energy levels (in cm-1 ) for the n-
mixed crystal centers A4 and A2 in Sr1-xBaxF2:Pr3+:D-. 
A4 A2 
Zt(xa) 579 Zt(x) 645 
Zt(za) 666 Zt(z) 653 
Z6(za) 1126 ZG(z) 1133 
Zs(xa) 1115 Z1(z) 1367 
Zs(za) 1202 
Z9 (za) 1393 
194 
0 0 "" 
.
.
.
.
.
.
 
.
.
.
.
.
.
 
0 0 ~ 
.
.
.
.
.
.
 
.
.
.
.
 
0 0 ~ 
.
.
.
.
.
 
.
.
.
.
.
.
 
0 0 "" 
.
.
.
.
.
.
 
.
.
.
.
.
.
 
(YY) 
(YX) 
w4 
lHOO 
w3 
wl 
11500 
Figure 5.21 1 D2 --l-3 F2 Polarised 
fluoresence spectra of the n- mixed crystal 
centers in the 1% Ba2+ doped SrF2 crystal 
at llK. 
(a) the A4 center, pumping 16794.4cm-1 • 
(b) the A2 center, pumping 16804.8cm-1 • 
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Figure 5.22 1 D2 -+3 lis Polarised fluoresence spectra of the n- mixed crystal 
centers in the 1% Ba2+ doped SrF2 crystal at llK. 
(a) the A4 center, pumping 16794.4cm-1 . 
(b) the A2 center, pumping 16804.8cm-1 • 
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Figure 5.23 1 D2 ~3 ll5 Polarised fiuoresence spectra of the n- mixed crystal 
centers in the 1% Ba2+ doped SrF2 crystal at IlK. 
(a) the A4 center, pumping 16794.4cm-1 • 
(b) the A2 center, pumping 16804.8cm-1 . 
The transitions of unrelated centers are labelled with dots. 
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Figure 5.24 I D2 H4. Polarised fluoresence spectra of the n- mixed crystal 
centers in the 1% Ba2+ doped S1·F2 crystal at 11 K. 
(a) the A4 center, pumping 16794.4cm-1 . 
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Chapter 6 
Time Resolution and Lifetime 
Studies 
The idea of using a mechanical chopper for time resolved laser spectroscopy was 
suggested by my supervisor Dr. GD Jones. The techniques for this experiment 
as outlined in chapter 3 were applied to the transitions of the fluorine mixed crys-
tal centers with some success, firstly, in getting a qualitative appreciation of the 
relative transition lifetimes of the centers present and secondly, in revealing un-
derlying mixed crystal center lines previously unresolved in the frequency domain. 
These are discussed in section 6.1 which also presents the spectra of the broad-
band excitation measurements performed in conjuction with the mechanical chop-
per on the Cal-xSrxF2 : P1·3+, Cai-xBaxF2 : P1·3+, Sr1-xCaxF2 : Pr3+ and 
Sr1-xBaxF2 : Pr3+ crystal systems. 
To quantify the transition lifetimes of particular centers more accurately however 
required the use of the nitrogen pulse dye laser. These lifetimes were measured 
for the centers of the four crystal systems mentioned above and their deuterated 
analogues. The lifetimes of the centers studied are largely radiative and the different 
lifetimes of the mixed crystal centers are a consequence of the changes in crystal 
field between the different centers. The discussion on the results of the lifetime 
203 
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measurements performed is presented in section 6.2. 
6.1 Time Resolved Excitation using a Mechani-
cal Chopper 
The analyses of the time resolved broadband excitation spectra basically involve 
comparing the intensities of the lines present. The transitions with tl1e fastest 
lifetimes will decrease in intensity more rapidly relative to the transitions with slower 
lifetimes· as the chopper spped is reduced. 
Figures 6.1( a) and (b) show the broadband excitation spectra of the C a1-xSrxF2 : 
Pr3+ crystal when the chopper was rotating at 200Hz and 30 Hz respectively. \Vhen 
the chopper speed was lowered, the intensities of the Al and A2 centers has gone 
up roughly 30 and 6 times relative to the parent C4v center respectively. Hence, it 
can be deduced that in this crystal the D -r Z transitions of the A2 center have the 
longest lifetimes, followed by the Al center and last of all, the parent 0 411 center. 
Some weak lines at the shoulder of the A2 center D2 transition, which could not be 
observed in the ordinary broadband excit<ltion spectra taken without the chopper, 
appeared in the spectrum acquired at a lower chopper speed, indicating the presence 
of further centers. 
Similar spectra for the 1% Ba'H doped CaF2 : P1·3+ crystal taken in conjuction 
with the chopper is shown in figures 6.2(a) and (b). The lines belonging to the 
A1(I), Al(I I) and A2 centers have all gone up relative to the parent 0 411 center, 
hence the parent C4v center has the fastest radiative decay times in this crystal. 
The intensities of the A2 center D1 and D2 lines have gone up fastest relative to the 
lines of the other centers, hence the A2 center has the longest decay lifetimes. The 
next longest fluorescence lifetimes belong to the transitions of the Al(I I) center 
since the intensity of its D1 level has risen by about twice relative to the intensity 
of the A1(I) center. Thus in descending order are the lifetimes belonging to the A2, 
6.1 Time resolved Excitation using a Mecl1anical Chopper. 205 
Al(I I) , Al(I) and the paren:t C4v center. 
The usefulness of using the chopper system for observing lines not resolved in the 
frequency domain is demonstrated in the spectra shown in figure 6.3. The broadband 
excitation spectrum of the Sr1-xCaxF2 : Pr3+ crystal at the chopper speed of 200Hz 
(fig. 6.3(a)) looks similar to the spectrum taken without the chopper system. When 
the chopper speed was reduced to 30Hz, new lines were observed at the shoulder of 
the parent C4v D 1 and D2 levels. It is apparent that further centers are present in 
the Ca2+ doped Sr F2 crystal with transitions close to that of the parent C4v center 
but selective excitation of these centers are not possible because of the proximity of 
their Z -t D transition frequencies to each other. 
The relatively larger Sr F2 crystal lattice constant ( 5. 79A) compared to that of 
the CaF2 crystal (5.46A) would account for the smaller departure of the energy levels 
of the mixed crystal centers from the levels of the parent C 1v center in the Sr·F2 host 
crystal. In the superposition model of crystal fields, the crystal field V acting on the 
open-shell electrons of a paramagnetic ion is the resultant of the total contributions 
from individual ions in the crystal, with each of the single ions contributing an axial 
field V(L) independent of the other ions [Newman and Ng, 1 D89]. Associated with 
the crystal field from each individual ion is an intrinsic pamm.ctcr B~( RL) which 
is geometrically independent and is a function of RL only, the axial distance of the 
ligand ion from the paramagnetic ion. A review of tlw superposition model can be 
found in the work of Newman and Ng [1989]. Here the important point is that the 
intrinsic parameters have an inverse power relationship with the distance between 
the ligand and paramagentic ion i.e : 
(6.1) 
where the tk values are empirically determin~cl. Applying this to the separations 
of the mixed crystal center energy levels from the lcv<'ls of the parent center, any 
small shift in the positions of the lattice or interstitial lluorincs induced by the 
alkaline earth dopant in a crystal host with a bigger !attic constant like the SrF2 , 
is expected to produce a smaller change in the crystal fidd experienced by the RE 
ion than it would in CaF2. Further, the rate of cltangc in the values of the intrinsic 
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parameters with respect to the shift of the F- ions from the equilibrium positions 
would be smaller for the bigger RL values of the 81·F2 compared the RL values of 
CaF2• Hence the energy levels of the different mixed crystal centers are observed to 
be very close to the levels of the parent C.1v center in the Sr F2 lattice. 
Figure 6.4 gives the time resolved broadband excitation spectra of the Sr1_:r:BaxF2 : 
Pr3+ crystal system. The line structures at the shoulders of the parent C4v D1 and 
D 2 lines with the chopper slowed down to :30IIz are different from those of the Ca2+ 
doped SrF2 , indicating further Ba2+ or mixed Ba2+ and Ca2+ dopant centers. An 
additional line structure was also observed close to the Z1 -t D1 line of the A4 cen-
ter (fig. 6.4(b)) for the scan done at the reduced chopper speed. This line was not 
previously apparent in the spectrum measured and is presumed to be weak under 
normal excitation conditions without the chopper. Hence, its contribution to the 
fluorescence spectra of the A4 center sho11ld be minimal. 
6.2 Lifetime Measurements using the N2 Pulsed 
Laser 
The centers excited optically in the C aF2 and 81·F2 hosts undergo relaxation both 
radiatively and non-radiatively and the measured fluorescent lifetimes would com-
prise the sum of these two different contributions. For the fluorine centers, radiative 
decay is the main mechanism of de-excitation. The relaxation of excitation of the 
hydrogenic type centers has a greater contribution from the non-radiative decay pro-
cesses due to the local mode phonons of the lighter hydrogenic ions [Reeves,l987] 
and as a result, the lifetimes of the n- centers are invariably shorter than their p-
center counterparts. 
The data points of the fluorescence decay of each center studied and the expo-
nential curve as obtained from the fit of the data points of a particular center are 
superposed on the same diagram and presented in figures 6.5 to 6.9 with table 6.1 
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(a) 
A2 
Al Al 
(b) 
16800 16850 
cm- 1 
Figure 6.1 Broadband excitation spectra of tl1e C ao.:msS1·o.oo5 F2 : Pr·3+ crystal at 
llK. Chopper speed is approximately (a) :200Hz (b) :30Hz with the gate delay 
betwccn,•xcitation and observatio:t of Ouorescence approximately lmsec and 7msec 
am! the; gate width O.Smsec and 5mscc for (a) and (b) respectively. 
208 
Al(IJ) 
(a) 
A2 
Al(I) 
(b) 
16750 16800 16850 16900 
cm-1 
Figure 6.2 Same as figure 6.1 except for crystal Cao.99sBao.oosF2 : Pr3+ 
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(a) 
(b) 
16800 16850 
cm-1 
Figure 6.3 Same as figure 6.1 except for crystal S1·o.ogsCao.oosF2 : P1·3+ 
210 
(a) 
A4 
(b) 
16800 16850 
cm-1 
Figure 6.4 Same as figure 6.1 except for crystal Sro.99sBao.oosFz : Pr3+ 
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listing the lifetimes as determined from the exponential fits. 
6.2.1 Dependence of the CaF2 C4v center lifetime on the 
Pr3+ concentration 
As listed in table 6.1, the lifetime of the parent C4v center is dependent on the 
concentration of the Pr3+ dopant. When the concentration of the Pr3+ doping was 
raised, the density of sites in the crystal increased and this enhances the energy 
transfer activity among the centers via either ion pair relaxation or upconversion. 
Ion pair relaxation occurs when donor ions are excited and on de-excitation, transfer 
their energy to acceptor ions. If the acceptor ions are also in the excited state, the 
energy exchange would cause the acceptor ions to be at an even higher excited 
state and thus the upconversion process. Any energy deficit or credit in the ion 
pair relaxation process could be compensated by absorption or emission of lattice 
phonons. 
The investigations of the upconversion transfer rates by Lezama et al (1986] of 
the C4 v center in CaF2 and Reeves [198i] of the same center in S1·F2 , reached the 
same conclusion that the predominant transfer mechanism between the C4v centers 
in these crystals is long range dipole-dipole interaction. 
The leading term of this multipole coupling is predicted to have a radial depen-
dence of R-3 [Dexter,1953] where R is the distance between the acceptor and donor 
ions. As the mean distance between ions is inversely proportional to the cube root 
of the dopant concentration, a plot of the decay rate of the C 1v center which is the 
reciprocal value of the lifetime measured, against the inverse cube root of the Pr3+ 
concentration should yield values close to the predicted radial dependence. The 
three lifetime values of the C4v center in the CaF2 bost measured in this. work at 
Pr3+ concentrations of 0.001, 0.01 and 0.1 %and the other two at 0.2 and 0.9 % 
measured by Kliava et al [1978] were fitted to a curve with the formula: 
TVn(R) = aR13 +c. (6.2) 
10 
~ 
"' 
( a ) 
..., 
·a p 
» ~ 
.... 
"'"" :.0 
.... 
< ,__., 
;:... 
~ 
"' (:l Q) 4 
~ 
....... 
Q) ; 
(,.) 
~ (,.) 
Ill 
Q) 
.... 
0 
.=l 
~ 
0~~-L~~~--L-~~~-L~~--~~~-L~~~~~ 
.4 .s .S 1.0 l.lt 1.4 I.S 1.8 2.0 2.2 2.4 
msecs 
Figure 6.5 The 1 D2 ---+3 H4 fluorescent decay of 
the centers in the parent CaF2 : Pr3+ crystal 
with (a) 0.1% (b) 0.01% and (c) 0.001% 
dopant concentration of Pr3+, measured at 11 K. 
The solid lines overlayed on the data points are 
the fitted exponential curves. 
.--.. 
"' 
..., 
.E 
p 
» 
..., 
"[jj 
0 
"' 
"'"" >=l 
....... 
C) 
u 
11 r.~o--r-r~~r-r-.-~-r~-.--r-~,--r-r~~~r--
10 ( b ) 
•' 
·. 
• 
·~ 
oL-~~~~~~~~~-L~-L~-L~~~~~~-J 
1.es 1.e :t~o 2..z 4.4 
rnsecs 
1 l ·------,----, 
· .. ~. 
Q l1 
C) ( c) lil 
C) 10 
.... § •, 
~ 
·-
• ~ ..... .;?$..:.. 
o :-~~~~-L--~--~--1L.z--~--1J_-.--~--,L.s--J---1J.-e--L-~ 
t:-.:l 
...... 
t:-.:l 
..--. 
"' 
..., 
·a 
~ 
>.. 
...., 
·;;; 
§ 
...., 
>:: 
....... 
ill 
u 
>:: 
<l) 
u 
1.fl 
Q) 
.... 
0 ;::: 
~ 
(a) 
0 
·' 
.. .. .e 1.0 L:l 1.-4 LIS 1.4 2.0 
Il1SCCS 
Figure 6.6 The 1 D2 -t3 l/,1 fluorescent decay of 
the fluorine (a) parent C4 v (b) Aland (c) A~ 
centers in the 0.5% Sr2+ doped CaF2 crystal. 
The solid lines overlayed on the data points are 
the fitted exponential curves. 
~ 
r.: 
.!::: 
3 
.... 
< ._., 
>.. 
...., 
·v; 
d 
<.! 
..... 
:::: 
....... 
<:.l 
u 
::: 
<:.l 
u 
"' C.l 
... § 
~ 
11t t (I 1 I I • ' i l I I i 1 t I I j l I l I I I I I i I t I 
10 (b) 
4 
o~~~~~J-~~~J-~~-L~~~-L~~~ 
.2 .4 .IS ~ll 1.0 1.2 1.-4 t.& 1.8 2.0 2-2 2.4- 2.fii 2.8 l.O 3.2 
msecs 
111 1 1 j 1 1 1 1 1 1 J r 1 J 1 • 1 I I 1 I r I I I t l I j 
10 (c) 
. ..
0 
.2 ... ~6 .a LO 1.2 1 • ..$ 1 .. 6 t.e 2.0 2.2 2.4 2:.$ l.B J.O 3.2. 
~ 
~ 
t-< 
~ 
.,.,.. 
s· 
(1) 
f 
(<.> 
~ 
s 
~ 
.,.... 
(<.> 
l:::! 
(<.> 
~· 
.,.,.. 
t:r 
(1) 
~ 
'i:l 
:::::: 
W" 
0... 
t-< 
~ (<.> 
~ 
t-:1 
...... 
Co.;) 
,.-... 
rn 
..., 
·a p 
~ 
k 
..., 
:e 
,:S 
» 
..., 
·~ 
<!) 
~ 
-(!.) 
u 
d 
<!) 
1il 
<!) 
k 
0 
:;:J 
-~ 
4 
3 
.~-L~~-L~~-L~~-L~~~~~~_L~~~J 
20 -4D so eo too 12.0 140 tao tao 200 22.0 2<40 Z6a zao .:soo 
p,secs 
Figure 6. 7 The 1 D 2 -+3 H4 fluorescent decay of 
the deuterium (a) parent C4v (b) Al and (c) A2 
centers in the 0.5% Sr2+ doped CaF2 crystal 
deuterated for 60hrs. The solid lines overlayed on 
the data points are the fitted exponential curves. 
,---. 
"' .... 
·a p 
» 
k 
r-l 
k 
...., 
,.c ,_. 
< 
'-' 
» 
..., 
·v.; 
d 
Q.) 
..., 
Q 
1-< 
Q.) 
u 
d 
C) 
u 
"' Q.) 
... 
0 
:;:J 
~ 
50 100 
10 
•• too 
150 200 250 
p.secs 
. 
' 
(b) 
300 350 400 
(c) 
t!SO 200 250 300 350 -400 450 
!.>:) 
,_. 
" ....... 
6.2 Lifetime Measurements using the N2 Pulsed Laser. 215 
(a) 
msecs 
(c) 
·"' .s .a 1.0 . 1.2 t.4 1.6 t.a z.o 2.2 2,-4 z.& z.e 
msecs 
(b) 
0 .~ , 6 •8 t.o 1.2 t.4 t.e t.8 2.0 2.2 2.~ 2.6 2.8 J.o J.2 J.4 
msecs 
(d) 
0 .~ . 8 , 8 t.o t. 2 t.~ t.8 t.8 2.0 2.2 2.~ 2.8 
msecs 
Figure 6.8 The 1 D2 -+3 H4 fluorescent decay of the fluorine (a) parent C4v (b) 
Al(I) (c) AI(! I) and (d) A2 centers in the 0.5% Ba2+ doped CaF2 crystal. The 
solid lines overlayed on the data points are the fitted exponential curves. 
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Figure 6.9 The 1 D2 -+3 H4 fluorescent decay of the fluorine (a) parent C4v (b) A4 
and deuterium (c) C4v (d) A4 center in the 0.5% Ba2+ doped SrF2 crystal. The 
solid lines overlayed on the data points are the fitted exponential curves. 
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where WR(R) is the inverse of the lifetime, R the mean radial distance, or in this 
case the inverse cube root of the Pr3+ concentration, with a, c and f3 being constants 
determined from the fit. The result of the fit is shown in figure 6.10 and a f3 value 
of -2.7 ± 0.1 was obtained, in good agreement with the theoretical prediction of 
(3 = -'-3 by Dexter [1953] for a dipole-dipole coupling case. 
Reeves [1987] comparing the upconversion transfer rate of the C4v center in 
0.5% and 0.05% Pr3+ doped Sr F2 crystals calculated a f3 value of -2.3. The transfer 
rate varies as (R-3 ) 2 for a dipole -dipole coupling mechanism and on the basis of 
his calculations, he concluded that this is the dominant mechanism of interaction 
for energy transfer between the C4v centers. Lezama et al (1986] observed that the 
lifetime of the upconverted fluorescence from the 3 Po level is 240f.tsecs while pumping 
the D1 level and the lifetime of the direct fluorescence from the D1 level is 480f.tsec 
in a 0.1% Pr3+ doped CaF2 crystal. This situation is attributed to a small transfer 
rate due to weak long range interaction between the isolated C4v centers. The result 
in this work is in agreement with the conclusions of Lezama et al [1986] and Reeves 
[1987] 
6.2.2 Comparison of the mixed crystal center lifetimes 
A detail comparative lifetime analysis of the centers would require extensive knowl-
edge of the wavefunctions of the states involved in the transitions. These are not 
accurately known at present. However, the transition probabilities and hence the 
lifetimes are related to the square of the crystal field parameters I B~ 12 , thus al-
lowing some general deductions about the crystal fields of the various centers to 
be made from the lifetime values measured without going into the specifics of the 
wavefunctions. The discussion in this section is not intended to be a substituted for 
a thorough crystal field analysis. 
A pitfall in comparing the lifetimes of the various centers is to assume that they 
have similar population densities in a mixed crystal. This assumption is probably 
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Figure 6.10 The plot of the decay rate r versus the inverse cube root of the Pr3+ 
concentration. The open and blacken circles are the data points from this work 
and the work of Kliava et al [1978] respectively. The fit of the data points using 
WR(R) = aRf3 + c (see text) produced the solid curve shown. 
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true for the mixed crystal centers with the same number of dopant cations. In a 
0.01% Pr3+ crystal doped with 0.005% Sr2+, there would be in the order of ten 
times as many parent C4v centers as there are mixed crystal centers. Because of the 
concentration dependence of the lifetimes, a comparison between the lifetimes of the 
parent and mixed crystal centers in this crystal would not be valid for the purpose of 
getting a general idea of trends in the crystal field. Hence the lifetimes of the mixed 
crystal centers measured in this mixed crystal system should be compared with the 
lifetime of the parent C411 center in a 0.001% Pr·3+ crystal which is 857 JLSecs. 
The lifetimes of the .flourine Aland A2 mixed crystal centers in the Cao.9g5Sro.oosF2 : 
Pr3+ crystal are 84lJLsecs and 1275J.Lsecs respectively. Recall that the A2 center has 
a c4ll symmetry with an on-axis cation substitution, which induces re-positioning 
of the interstitial p- anion along the C4 axis, while the proposed model for the Al 
center suggests off-axis re-positioning of the same anion. It appears that the change 
in the axial field is significant going from a parent C4v center to the A2 center, con-
sistent with the 50% increase in the lifetime observed. This increase in lifetime of 
the A2 center corresponds to a lower transition probability and thus smaller crystal 
field parameters, hinting that the interstitial F- ions have repositioned further away 
from the Pr3+ ions reducing the axial field they exert on the rare earth ion. 
The lifetime of the Al center is however not very dirrerent from that of the par-
ent C4 v center. The transition probability for the Al center would have the usual 
contribution from the cubic and axial crystal field terms with the addition of the 
. transverse field terms from the B~ parameters wh~re the BJ term is expected to give 
the dominant contribution. The similarity of the Al and parent 0.111 center lifetimes 
suggests that the cubic and axial terms of the A 1 center are probably not very dif-
ferent between these two centers and the contribution of the transverse field terms 
is not expected to be very significant. The latter contribution is consistent with the 
small splittings of the parent center Is levels observed in the lower symmetry AI 
center of 8cm-1 • 
The lifetime trend of the fluorine AI and A2 centers is also present in the deu-
terium analogues of these centers. The A2 center lifetime is roughly 50% greater 
than that for the Al center for both the p- and n- ion charge compensator centers. 
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This similar proportional difference is evidence that the corresponding fluorine and 
deuterium Al and A2 centers are analogues. 
One surprising result is that the lifetime of the A2(F-) center in the Ca0.995Ba0 .005 F2 : 
Pr3+ crystal is not very much different from the equivalent center in the Sr doped 
crystal, in spite of the Ba2+ ion having a larger ionic radius which is expected to give 
a greater change in the axial crystal field. It is likely that the p- interstitials have 
reached the maximum axial distance away from the Pr3+ ion in the Sr2+ A2 center, 
with further movement being restricted by the repulsive forces of the four lattice 
fiuorines between the interstial p- and the alkaline earth dopant cation. This would 
give similar crystal field values and hence transition probability for A2 centers in 
both the Sr2+ and Ba2+ doped crystals. 
The Al(I) center has a greater lifetime than the Al center of the Sr2+ doped 
crystal. The decreased transition probability of the Al(I) center probably arose out 
of the decrease in the values of the cubic or axial terms, as the dominant transverse 
field term Bi is likely to be larger for the Al(l) center than the Al center, judging 
from the ground state splittings of 15cm-1 and 8cm-1 for the AI and AI(!) centers 
respectively. If the splitting of the C4v Is ground state is assumed to come mainly 
from the Bi term, then this term con tributes I Bi !2 of approximately four times more 
to the transition probability in the Al (I) center than the AI center. 
There is about a 10% increased in the lifetime of the Al(I I) center compared to 
the Al (I) center. Following the same line of argument as for the comparison of the 
Al(I) and Al centers, this increase of the Al(II) center lifetime from that of the 
AI (I) center probably represents further reduction in the values of the cubic and 
axial parameters in going from the AI (I) to AI(! I) centers. 
The A4 center of the Ba2+ doped SrF2 crystal has unique polarisation ratios 
which suggests the lowest symmetry group for this center. This center also goes 
against the trend of increasing lifetimes for lower symmetry centers derived from 
the parent C4v center. In the .001% P1·3+ doped crystal, the parent C4v center has 
a lifetime of 1.99msec while that of the A4 center in the Sr0•995Ba0•005F2 : Pr3+ 
crystal is 1.56msec, a decay time decrease of about 20%. A detail understanding of 
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the reason for this would come about when reliable crystal field parameters becomes 
available. 
The lifetime of the A4(D-) center at 29.7J1-sec is about 6% that of the parent 
C4v(D-) center at 484J1-sec. An increase in the values of the crystal field parameters 
or the effectiveness of the local modes to dissipate the excitation energy would 
account for the observed lifetime of the A4(D-) center. 
The lifetimes of the other mixed crystal A3 centers in the Ca2+ doped SrF2 and 
Sr2+ doped CaF2 were not studied as the lower resolution and power of the pulsed 
dye laser made it impossible to do so. The lifetimes of then- mixed crystal centers 
in the Ba2+ doped CaF2 crystal could not be obtained for the same reasons. 
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Table 6.1: Lifetimes of the various parent and mixed crystal centres. 
JlSecs 
CaF2:Pr3+(0.1) C4v(F-) 489 ± 17 
CaF2:PrH(0.01) C4v(F-) 640 ± 27 
CaF2:Pr3+(0.00l) C4v(F-) 857 ± 40 
Cal-xSrxF 2:Pr3 +(0.01) C4v(F-) 632 ± 23 
Al(F-) 841 27 
A2(F-) 1275 ± 40 
C4v(D-) 104 ± 12 
A1(D-) 137 ± 12 
A2(D-) 210 ± 15 
Ca1-xBaxF2:Pr3+(0.01) C4v(F-) 644 ± 15 
Al(I)(F-) 944 ± 31 
A1(I I)(F-) 1119 ± 40 
A2(F-) 1269 50 
Srl-xBaxF2:Pr3+(Q.01) C4v(F-) 1735 ± 40 
A4(F-) 1556 ± 30 
C4v(D-) 484 ± 30 
A4(D-) 29.7 0.2 
Chapter 7 
Crystal Field Analysis of the C4v 
centers in the CaF2 and SrF2 
hosts. 
7.1 Introduction 
The prominent spectral features of the Pr3+ doped CaF2 and SrF2 crystals are those 
belonging to the C4v center, hence it is not surprising that there are more crystal 
field levels established for this center than the other centers. Various crystal field fits 
have been attempted for the Pr·3+ C4v centers in these hosts but, to the knowledge 
of the author, a definitive set of crystal field parameters have yet to emerge from 
these efforts. The earliest crystal field fit peformed on the F- tetragonal center in 
the CaF2 : Pr·3+ crystal was by Hargreaves [1972], though gross mis-assignment of 
many of the levels casts serious doubts on the reliability of the fit. Another attempt 
was made by Reeves [1987] to fit the C4v(F-) levels in the Sr·F2 : Pr3+ crystal. 
The standard deviation of the difference between the calculated and experimental 
values in that fit was 69cm-1 with the worst deviation of an individual level reaching 
130cm-1 . 
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Crystal field fits for the parent p- and D- C4v centers and the A2 center in the 
Sr2+ doped CaF2 : Pr3+ crystal were attempted in this work. The results can still 
be considered only tentative, however the major problems preventing a fit with a 
convincing set of parameters are identified. These are summarized as follows: 
1) The lack of rationale for unique assignments to components of the 1 Is states 
which are required to define the free-ion two-body operator parametrized by a . 
2) The need for further 3 P2 levels to be positively identified. 
3) The need to establish the 1S0 level to specify the free-ion two-body parameter 1 
associated with the G( R1) Casimir operator. 
4) The larger standard deviation observed in the 1 D2 multiplet compared to the 
other multiplets. 
The first problem mentioned above was encountered in the crystal field fit of 
LaF2 : Pr3+ by Carnall et al [1988). Though four levels were assigned to the 1 Is 
multiplet on the basis of the fluorescence from the 1 So --1 1 Is transitions, these were 
not altogether unambigous. As it turned out, the value of the a parameter for the 
Pr3+ ion obtained from the fit using those four 1 ls levels went against the systematic 
a value trend of the other rare earths (Fig.2, Carnall et al [1988]). 
Considerable efforts were made in this work to unravel the C4v levels of the upper 
3 P2 , 3 P1 and 1/s multiplets using the pulsed dye laser, to address point 1 and 2 above. 
With a lower power and a resolution of about 1.5cm-I, the pulsed dye laser system 
used was not ideal for acquiring the spectra of these systems. The wider beam 
divergence of the pulsed laser compared to the CW dye laser made polarisation 
measurements difficult. Due to these limitations, only the p- C4v centers were 
investigated and the broadband spectra of these are shown in figures 7.1, 7.2 and 
7.3 for the CaF2 C4v(F-), SrF2 C4v(F-) and Ca1_xSrxF2 A2(F-) centers. 
The principal contribution from the excitation using the pulsed dye laser is the 
positive identification of a Is level belonging to the 116 multiplet in the Sr F2 : 
Pr3+ and CaF2 : Pr3+ crystals at 21612cm-1 (462.7nm) and 21615cm-1 (462.6nm) 
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465 475 
445 455 
(nm) 
Figure 7.1 The broadband excitation of the C4v(F-) center in the CaF
2
: Pr3+ crystal 
at llK using the pulsed dye laser. The transitions assigned to the C4v center are 
indicated by the ticks at the top of the spectra. 
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465 475 
445 455 
(nm) 
Figure 7.2 The broadband excitation of the C411 (F-) center in the Sr F2 : Pr3+ crystal 
at llK using the pulsed dye laser. The transitions assigned to the C411 center are 
indicated by the ticks at the top of the spectra. 
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465 475 
I~ 
445 455 
(nm) 
Figure 7.3 The broadband excitation of the A2(F-) center in the Cat-xBrxF2 : Pr3+ 
crystal using the pulsed dye laser. The transitions assigned to the C-tv center are 
indicated by the ticks at the top of the spectra. 
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respectively. Tentatively, two other levels, one in the 1 h and the other in the 3 Pz 
multiplet were also assigned for each of the three crystal systems studied. These 
are indicated in the tables 7.1, 7.2 and 7.5 by asterisks for the Sr F2 C4v(F-), CaF2 
C4v(F-) and Cat-xSrxFz A2(F-) centers. It:was also found that the levels e:::ccited 
. in the 3 P1 , 1 /s and 3 P2 multiplets do not radiatively emit directly from these excited 
levels but decay to the single 3 Po level. This is unfortunate since the lowest level 
of the 3 P1 multiplet has a Is irrep and if radiative transitions from this level to the 
levels of the other lower multiplets were stronger, it would have allowed many more 
levels to be assigned since the selection rules allow transitions from a Is level to all 
other levels. 
The 1 So levels of the C4v centers will remain elusive with the present instrumen ta-
tions. At an expected wavenumber of approximately 50,000cm-1 i.e at a wavelength 
of roughly 200nm, this level is out of the excitation range of the current laser sources 
and the detection range of the photmultiplier tubes used in this work. 
The levels of the Pr3+ 1 D2 multiplet in the alkaline earth host crystals present 
some special difficulties in that a larger standard deviation was observed for this 
multiplet than for other multiplets. As was pointed out in chapter 2, this problem 
has also been encountered for the Pr3+ ion in other host crystals. A preliminary 
attempt was made towards resolving this anamoly by adding three extra SCCF 1 
parameters which improved the fit considerably for the 1 D2 levels. 
The program for fitting the C4v centers in this work was the F-shell Empirical 
program developed by Dr. Mike Reid which uses the matrix elements constructed 
out of the Hamiltonian 
H Ho + 
k=0,2,4,6 
+ a:L(L+l) + (3G(Gz) + 1G(G7) 
+ L mhMh + L Pip! 
i=0,2,4 /=2,4,6 
+ He • ., + HsccF, 
1Spin Correlate.d Crystal Field 
(7.1) 
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where H0 is the spherically symmetric one-electron part of the Hamiltonian. The 
Fk and (1 terms are the electrostatic and spin orbit parameters with f~c and Aso 
representing the angular parts of the electrostatic and spin-orbit interactions. The 
two body correction terms are designated a, {3 and /i G( G2 ) and G( R1 ) are the 
Casimir operators for the groups G2 and R7 and L is the total angular momentum. 
Magnetically correlated corrections are parametrised by the Mh (Marvin integrals) 
and pi with the corresponding operators mh. and PJ, where the latter represents the 
two-body magnetic corrections. 
The crystal field Hamiltonian, Hc4v, for the tetragonal symmetry in the JM basis 
as converted from the point group basis (see table 2.1 or Han [1987] ), used in the 
fit is 
Hc.v - -BfetC~ 
+ s~, [ ~c~ - J{;<c: + c~,)J 
+ s~ .. [Ji"cg + ~<c:+c~,)J 
+ s:,., [ J{;c~ + ~(ct + c~,)J 
+ s~, [ -A"cg + ~<c: + c~,)J (7.2) 
A full parametrisation of the SCCF would require each crystal field parameter 
to have an associated SCCF parameter, effectively doubling the number of crystal 
field parameters which is unwarranted at present given the limited number of levels 
assigned. Hence only a partial parametrisation of the SCCF was attempted with 
(7.3) 
and k=2,4,6. The values of the SCCF parameters so obtained would not be partic-
ularly useful, however the aim of including the SCCF at present is not to arrive at 
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some definitive conclusion about the SCCF effects in the C411 centers studied but to 
see if the inclusion of the SCCF does improve the fit for the problematic Pr3+ 1 D2 
levels. 
All the parameters in the :fits performed were varied except for two exceptions. 
Firstly, the parameters associated with the free ion magnetically correlated correc-
tion terms are fixed to the values obtained from the fit of N d3+ in LaF3 [Reid, 1990]. 
This is to reduce the number of parameters and should not affect the final outcome 
significantly as the contributions of these terms are very small, in the order of a few 
cm-1 • These parameters are also constrained according to the relationships: Jl;J2 = 
0.5M0 , M 4 = 0.38M0 , P 2 = 0.75P0 , P4 = 0.5P0 and M 0 + M 2 .A14 = 1.75 and P0 
+ P 2 + P 4 = 275. Secondly, for the fit of the A2 center in the Ca1_xSrxF2 : Pr3+ 
crystal, the a, (3 and 1 parameters were fixed at 21.5, -600 and 2200 cm-1 respec-
tively since insufficient experimental levels were available. These parameter values 
are approximately those obtained from the fit of the C4v( p-) center in C aF2 : Pr·3+. 
The most controversial aspect of this section would be the reassignment of the 
second level of the 3 P1 multiplet to a level belonging to the 1 16 multiplet of the C411 
centers. The two most intense absorption lines around the 465nm or 21500cm-1 
region were previously assigned as the two levels in the 3 P1 mulitplet of the C411 
center on the basis of their absorption strength. This was reasonable as transitions 
from the ground state to the the levels of the 1 I 6 multiplet, which overlap the levels of 
the 3 P1 multiplet, were expected to be weak, being spin forbidden in the first order. 
However, with this assignment, the F-shell Empirical program gave a very poor fit to 
the experimental levels. By reassigning the previously assigned second excited level 
of the 3 P1 multiplet to the 1 Is multiplet 2 , the fit improved considerably. Admittedly, 
the improvement of a fit alone is insufficient justification for this reassignment and 
how a 1 h level could have such a strong absorption intensity relative to that of a 3 P1 
level is yet to be properly addressed. However, the mixing of states by the crystal 
field may account for stronger intensities in some levels of the 1 Is multiplet relative 
to the 3 P1 multiplet and simulated intensities using the crystal field parameters 
obtained from the fit of the CaF2 : NiP+ C411 center, show that it is possible for 
2marked with tin table 7.1 and 7.2 
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some absorption lines of the 116 multiplet in the C aF2 : Pr3+ C411 center to have 
comparable strengths to those of the 3 P1 multiplet [Reid, 1990]. 
7.2 Results and discussions 
Apart from the few levels of multiplets above the 3 P0 multiplet discussed previously, 
the levels of the F- and n- C4v centers in the CaF2 and SrF2 crystal hosts were 
obtained from the work of Reeves(1987]. The levels of the mixed crystal A2 center 
were assigned in this work. 
The parameters from the attempted fits of the C4v( F-) centers in the Sr F2 and 
CaF2 hosts are presented in tables 7.1 and 7.2 respectively. The 1 D2 levels have some 
significant bearing on the overall standard deviation of the fits in these hosts with 
the overall standard deviation doubling when the three 1 D2 levels were included. A 
marked improvement to the fit of the 1 D2 levels was observed when the modified 
SCCF was applied. The trend of the results from the fits including the SCCF are 
similar to those observed for N dF3 , N d3+ : LaF3 and Nd3+ : LiY F4 by Jayanaskar 
et al (1987] i.e the SCCF affects the values of sixth degree crystal field parameters 
most. In the case of the alkaline earth fluoride hosts studied here, the values of the 
sixth degree axial field terms are most dramatically altered by the SCCF while those 
of the cubic terms are less so. The reason for this is not apparent at this stage. 
The tentative fits of the C4u(D-) centers are listed in tables 7.3 and 7.4 for the 
SrF2 and CaF2 hosts respectively. When the SCCF was introduced, the SCCF 
sixth degree terms again dominate and the alteration of the cubic terms is more 
than those observed for the case of the C4u( F-) centers. The standard deviations 
of the 1 D2 levels in both C aF2 and Sr· F2 improved remarkably when the SCCF was 
considered in the fit. 
The values of the parameters from the fits of the p- and n- C4v centers are 
comparable to those of the CaF2 : Nd3+ and SrF2 : Nd3+ C411 centers [Han, 1988, 
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Table 7.5] both in terms of sign and magnitude which is encouranging for a tentative 
attempt. 
Though only a limited number of experimental values are available for the mixed 
. ' . . 
crystal A2 C4v center in the Cal-xSrxFz : Pr3+ host, a fit was performed and the 
second degree axial term was found to decrease by 15% from that of the parent 
C4v(F-) center, consistent with the interstitial F- moving away from the Pr3+ ion 
as originally proposed. 
In conclusion, improvement to the crystal field fit of the C4v centers in the 
CaF2 : Pr3+ and Sr F2 : Pr3+ crystals would require positive identification of more 
levels in the upper multiplets particularly those of the 1 h and 3 P2 mulitplets. There 
appears to be a need to consider the SCCF if a 'proper' fit is to be achieved for the 
1 D2 multiplet. 
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Table 7.1(a) Energy level parameters (in cm-1 ) for the C4v(F-)2 center in SrF2 : Pr3+. 
O'd = E [ ~:.?;] 112 ~here 8i is the difference between the experimental and calculated energies, 
n is the number of levels fitted and p the number of parameters varied. 
Parameters Conventional fit Conventional fit Fit with SCCF 
excluding 1 D2 levels including 1 D2 levels 
p2 68741 ± 63 68226 ± 117 68232 ± 86 
p4 49205 ± 98 49236 ± 189 49725 ± 141 
p6 32807 ± 111 30956 ± 202 31147 ± 149 
a 15±4 21 ± 3 21 ± 3 
f3 -462 ± 21 -590 ± 23 -596 ± 18 
I 1992 ±58 2183 ± 112 2186 ± 83 
( 746 ± 3 745±7 746 ± 5 
Bdub -2251 ± 18 -2215 ± 36 -2166 ± 39 
B~ub -1101 ± 15 -1095 ± 31 -986 ± 31 
Blet -562 ± 14 -535 ± 25 -378 ± 32 
B'fet 705 ± 21 840 ± 40 798 ± 44 
Bfet 727 ± 24 794± 47 17 ± 68 
b2 0 NA NA -247 ± 38 
b6 NA NA -130 ±52 
b8 NA NA -907 ± 78 
(jd 9 18 13 
(]'e D2) NA 27 9 
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Table 7.1 (b) Comparison of experimental and theoretically calculated levels for the C4v(F-) 
center in Sr F2 : Pr3+ 
Conventional fit Conventional fit Fit with SCCF 
excluding 1 D2 levels including 1 D2 levels 
Theory Ex pt. E-T Theory Expt. E T Theory Expt. E T 
(T) (E) (T) (E) (T) (E) 
3H4 ~4 0 4 ~4 0 4 -5 0 5 
86 - - 94 ~ 89 - -
234 - - 239 - - 236 - -
236 - - 241 - 238 - -
456 461 5 436 461 25 451 461 10 
494 490 -4 497 490 -7 495 490 -5 
636 - - 661 - - 645 - -
3Jh 2181 - - 2188 - - 2182 - -
2214 2221 7 2228 2221 -7 2216 2221 5 
2292 2285 
-7 2292 2292 0 2292 2285 -7 
2299 2292 
-7 2298 2285 -13 2297 2292 -5 
2237 2334 -3 2334 2334 0 2336 2334 -2 
2567 - - 2556 - - 2556 - -
2614 - - 2621 - - 2616 - -
2691 - - 2711 - - 2694 - -
3H6 4260 4250 -10 4270 4250 -20 4263 4250 -13 
4342 - - 4341 - - 4343 - -
4399 4405 6 4397 4405 8 4400 4405 5 
4461 4471 10 4452 4471 19 4460 4471 11 
4514 - - 4515 
- -
4516 - -
4544 - - 4552 - - 4548 - -
4562 - - 4567 -
-
4562 - -
4800 - 4801 - - 4804 - -
4876 - - 4884 - - 4877 - -
4985 - - 4993 - - 4988 - -
3p2 5266 5275 9 5262 5275 13 5259 5275 16 
5314 5308 -6 5312 5308 -4 5308 5308 0 
5329 
- 5318 - - 5322 - -
5379 
- -
5370 
- - 5369 - -
3p3 6483 6484 1 6484 6484 0 6481 6484 3 
6557 6565 7 6560 6565 5 6563 6565 2 
6666 -
- 6670 - - 6667 - -
6729 
- - 6726 - - 6729 - -
6829 
- -8 6826 6821 -5 6833 6821 -12 
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Theory Expt. E~T Theory Expt. E-T Theory Expt. E-T 
(T) (E) (T) (E) (T) (E) 
ap4 7001 - - 7000 - - 7027 7024 -3 
7025 7024 -1 7021 7024 3 7028 
- -
7036 - - 7023 - - 7067 -
-
7204 
- -
7194 
- -
7232 
-
-
7232 - - 7245 - - 7271 7260 -11 
7267 7260 -7 7276 7260 -16 7305 - -
7314 - - 7310 - - 7320 - -
1G4 9833 - - 9816 - - 9830 - -
9845 - - 9828 - - 9957 9963 6 
9960 9963 3 9958 9963 5 9986 
- -
9982 - - 9992 - - 10121 - -
10225 - - 10209 - - 10290 - -
10346 
- -
10356 
- -
10363 
- -
10843 - - 10803 - - 10842 - -
1 Dz 17148 - - 16847 16872 25 16863 16854 -9 
17232 - - 16891 16854 -37 16875 16872 -3 
17460 - - 17137 - - 17142 - -
17752 - - 17447 17459 11 17447 17459 11 
3po 20980 20980 0 20980 20980 0 20980 20980 0 
3pl 21500 21504 4 21501 21504 -6 21508 21504 -4 
21689 21686 -3 21692 21686 
-6 21696 21686 -10 
1 [6 21198 - 21245 - - 21396 - -
21199 - - 21247 - - 21398 - -
21588 21578t -10 21581 21578f -4 21591 21578f -13 
21610 21612 2 21604 21612 8 21600 21612 12 
21659 - 21657 - - 21624 - -
21904 - - 21911 - - 21942 - -
22029 - - 22019 - - 22051 - -
22311 
- -
22327 - - 22318 - -
22318 - 22332 - - 22321 - -
22339 23347* 8 22351 23347"' -4 22345 23347* 2 
3p2 22614 22613* -1 22599 22613* 14 22597 22613* 16 
22780 - - 22746 - - 22754 - -
22805 - - 22779 - - 22782 - -
22995 - - 22961 - - 22916 - -
1So 46027 - - 45185 - - 45334 - -
* - Levels tentatively assigned to the 3 Pz and 1 h multiplet. 
f - previously assigned as the second excited level in the 3 P1 multiplet. 
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Table 1.2(a) Same table 7.1(a) except for C4v(F-) center in CaF2: Pr3+ 
Parameters Conventional fit Conventional fit Fit with SCCF 
excluding 1 D2 levels including 1 D2 levels 
F2 68345 ± 75 67952 ± 151 68044± 77. 
F4 48542 ± 118 48453 ± 245 49134 ± 126 
F6 31908 ± 133 30384 ± 261 30758 ± 133 
a 17± 5 22±4 22± 2 
f3 -508 ± 21 -616 ± 33 -635 ± 17 
r 2078 ± 70 2257 ± 146 2214 ± 74 
( 745 ±4 743 ± 10 745± 5 
B:ub -2435 ± 22 -2374 ± 47 -2327 ± 33 
B~ub -1385 ± 21 -1393 ± 45 -1227 ± 29 
Bfet -804± 15 -759 ± 30 -518 ± 30 
Bfet 858 ± 22 1008 ± 46 936 ± 40 
Bfet 949 ± 30 1022 ± 64 109 ±55 
b2 0 NA NA -395 ± 37 
b4 0 NA NA -126 ±52 
bg NA NA -1088±65 
(fd 11 23 12 
rr(l D2) NA 35 3 
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Table 7.2 (b) Comparison of experimental and theoretically calculated levels for the C411 (F-) 
center in CaF2 : Pr3+ 
Conventional fit Conventional fit Fit with SCCF 
excluding 1 D2 levels including 1 D2 levels 
Theory Expt. E-T Theory Expt. E-T Theory Expt. E-T 
(T) (E) (T) (E) (T) (E) 
3/{4 
-1 0 1 12 0 -12 -1 0 1 
131 - - 140 - - 141 - -
203 - 211 - - 203 - -
203 -
-
213 
-
- 205 
- -
533 534 1 506 534 27 528 534 5 
557 552 -5 555 552 -3 557 552 -5 
757 - - 789 - - 768 - -
31fs 2182 2189 7 2181 2189 -2 2184 2189 5 
2210 2211 1 2225 2211 -14 2210 2211 1 
2277 2270 -7 2280 2270 -10 2276 2270 -6 
2335 - - 2321 - - 2336 - -
2394 2399 5 2391 2399 8 2396 2399 3 
2638 - - 2615 - 2637 - -
2696 - - 2701 - - 2697 - -
2803 - 2823 - - 2806 - -
3 H6 4212 4205 -7 4218 4205 -13 4213 420.5 -8 
4304 - - 4.294 - - 4307 -
4449 - - 4440 - - 4452 - -
4471 
- -
4465 
-
4472 - -
4509 4508 -1 4491 4508 17 4511 4508 -3 
4559 - 4544 - - 4561 - -
4621 - - 4646 - - 4626 - -
4867 - - 4861 - - 4868 -
4942 4954 12 4945 4954 9 4942 49.54 12 
5076 - - 5081 - 5078 - -
3p2 5319 5332 13 5318 5332 13 .5316 5332 16 
5406 5387 -19 5408 5387 -21 5403 5387 16 
5437 - 5427 - - 5435 -
5485 - - 5479 - 5479 -
3p3 6501 6500 -1 6501 6500 -1 6502 6500 -2 
6611 - - 6611 - - 6622 -
6731 - - 6737 - - 6735 - -
6833 6835 1 6830 6835 5 6837 6835 -2 
6945 - - 6945 - - 6957 - -
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Theory Expt. E-T Theory Expt. E-T Theory Expt. E-T 
(T) (E) (T) (E) (T) (E) 
3p4 7034 - 7014 - - 7021 - -
7040 - - 7039 - - 7063 7068 5 
7059 7068 9 7052 7068 15 7116 - -
7250 - 7234 - - 7284 - -
7328 - - 7337 - - 7355 7350 -5 
7358 7350 -9 7362 - - 7380 - -
7370 - - 7367 7350 -17 7409 - -
1 G4 9762 - - 9730 - - 9755 - -
9822 - - 9800 - 9956 - -
9942 - - 9940 - 9978 - -
9964 
- - 9953 - - 9977 - -
10216 - - 10189 - - 10083 - -
10375 - - 10377 - - 10287 - -
10950 - - 10929 - - 10378 - -
1D2 17010 -
-
16788 16828 40 16830 16828 -2 
17160 
-
- 16844 16889 -45 16847 16844 -3 
17326 
- -
17073 
- -
17088 
- -
17712 - - 17473 17479 5 17475 17479 4 
spo 20958 20958 0 20959 20958 -1 20958 20958 0 
3pl 214521 21452 1 21461 21452 -9 21456 21452 -4 
21733 21733 0 21731 21733 2 21740 21733 -8 
lh 21004 
- -
21073 - - 21297 
- -
21005 
- -
21074 - - 21298 - -
21583 21575t 
-8 21576 21575t -1 21583 21575t -9 
21610 21615 5 21607 21615 8 21604 21615 10 
21682 
- -
21681 - - 21641 - -
21862 - - 21874 
- -
21934 - -
22009 - - 21998 - - 22053 - -
22393 
- -
22408"' 
- -
22394 - -
22404 22408"' 4 22416 22408"' -8 22403 - -
22408 - - 22419 - - 22409 22408 -1 
3p2 22571 22571"' 0 22562 22571* 9 22558 22571* 13 
22784 
- -
22753 - - 22768 
- -
22837 
- - 22809 - - 22819 - -
23090 -
-
23059 
- -
22989 
- -
1So 45500 - - 44770 - - 45084 - -
* - Levels tentatively assigned to the 3 P2 and 1 !6 multiplet. 
t - previously assigned as the second excited level in the 3 P1 multiplet. 
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Table 7.3(a) Same as table 7.1(a) except for C4v(D-) center in SrF2 : Pr3+ 
Parameters Conventional fit, no SCCF Fit with SCCF 
p2 67757 ± 106 67501 ± 81 
p4 47794 ± 171 48537 ± 148 
p6 
. 30010 ± 183 29867 ± 147 
a 21 ± 3 21 ± 5 
f3 -594 ± 21 -592 ± 23 
I 2388 ± 102 2453 ± 78 
( 746 ± 6 747± 4 
Bdub -2013 ± 34 -1843 ±53 
B~ub -1214 ± 28 -940 ±58 
Blet -730 ± 21 -515 ±57 
Bfet 846 ± 32 1006 ± 47 
Bfet 797 ± 40 -626 ± 135 
b2 0 NA -314 
b4 0 NA -379 
b6 0 NA -1719 
(J'd 15 11 
(J'e D2) 16 0.4 
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Table 7.3(b) Comparison of experimental and theoretically calculated levels for the C4 v(D-) 
center in Sr Fz : Pr3+ 
Conventional fit,no SCCF Fit with SCCF 
Theory Expt. E-T Theory Expt. E-T 
(T) (E) (T) (E) 
3H4 5 0 -5 -3 0 3 
112 
- -
109 
- -
156 
- -
161.9 - -
157 - - 162.2 - -
459 467 8 470 467 -3 
491 499 8 498 499 1 
679 
- -
674 
- -
3Jh 2177 2175 -2 2171 2175 4 
2199 2199 0 2194 2199 5 
2241 2236 -5 2241 2236 -5 
2302 2305 3 2307 2305 -2 
2353 2339 -14 2348 2339 -9 
2569 
- -
2581 - -
2635 
- -
2634 
- -
2727 - - 2714 - -
3H6 4230 4218 -12 4231 4218 -13 
4291 
- -
4296 
- -
4431 - - 4429 4441 12 
4436 4441 4 4433 - -
4483 4480 -3 4483 4480 -3 
4527 
- -
4532 
- -
4586 
- -
4568 
- -
4806 4831 24 4819 4831 12 
4891 
- -
4890 
- -
5016 
- -
5012 
- -
3F2 5228 5246 18 5227 5246 19 
5310 5290 -20 5303 5290 -13 
5338 - - 5334 - -
5383 5380 
-3 5380 5380 0 
3Fa 6459 6461 2 6457 6461 4 
6559 6556 -3 6566 6556 -10 
6650 
- - 6647 - -
6741 6740 -1 6741 6740 -1 
6824 
- -
6833 
-
-
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Theory Expt. E-T Theory Expt. E-T 
(T) (E) (T) (E) 
3p4 6953 6938 -15 6938 6938 0 
6965 - - 6994 6999 5 
6981 6999 18 7096 - -
7152 - - 7214 - -
7212 
- - 7250 7245 -5 
7246 7245 -1 7294 - -
7269 
- - 7350 - -
1G4 . 9711 - - 9708 - -
9800 - - 9920 - -
9898 - - 10092 - -
9915 
- - 10175 - -
10121 - - 10246 -
10270 
- - 10303 - -
10761 - - 10771 -
-
1 D2 16799 16815 16 16797 - -
16923 
- -
16816 16815 
-1 
17054 - - 16985 - -
17428 17412 -16 17411 17412 1 
3po 20877 20877 0 20877 20877 0 
3p1 21392 21393 1 21393 21393 0 
21649 - 21654 - -
lh 21032.6 - 21258.9 - -
21032.8 - - 21259.3 - -
21540 21541 1 21541 21541 0 
21557 
-
21514 - -
21614 - 21528 - -
21744 - 21719 - -
21867 - - 21841 -
22240 - - 22191 -
22245 - 22221 - -
22273 - - 22246 -
3p2 22500 - - 22504 -
22669 - - 22667 - -
22745 - 22748 - -
22!)30 
-
22852 - -
1So 44282 - 44248 - -
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Table 7.4(a) Same as table 7.1(a) except for C4v(D-) center in CaF2 : Pra+ 
Parameters Conventional fit, no SCCF Fit with SCCF 
F2 67026 ± 236 66978 ± 87 
p4 47839 ± 385 47980 ± 140 
p6 29612 ± 412 29246 ± 149 
a 19 ± 7 21 ± 3 
f3 -569 ±52 -591 ± 20 
'Y 2409 ± 228 2659 ± 82 
' 
747 ± 13 745 ± 5 
B;ub -2136 ± 82 -2110 ± 49 
B~ub -1412 ± 69 -916 ± 33 
Bfet -930 ± 48 -520 ± 35 
Btet 1209 ± 65 898 ± 41 
Bfet 1221 ± 92 -779 ±57 
b2 0 NA -672 ±41 
b4 0 NA 440 ±58 
b6 0 NA -3049 ± 69 
(I'd 35 13 
(1(1D2) 37 13 
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Table 7.4{b) Comparison of experimental and theoretically calculated levels for the C4v(D-) 
center in CaF2 : Pr3+ 
Conventional fit,no SCCF Fit with SCCF 
Theory Expt. E-T Theory Expt. E-T 
(T) (E) (T) (E) 
3H4 0 0 0 4 0 -4 
128 
- - 130 - -
129 - - 130 - -
169 
- -
282 - -
478 463 -15 460 463 3 
544 559 15 553 559 6 
823 
- - 878 - -
3Jh 2169 2164 
-6 2163 2164 1 
2203 2183 -20 2187 2183 -4 
2213 2206 
-7 2206 2206 -0 
2323 
- -
2367 - -
2405 2425 20 2439 2425 -14 
2606 - - 2605 - -
2715 2723 8 2717 2723 6 
2863 
- -
2895 - -
3J!6 4192 4163 -29 4160 4163 3 
4273 - - 4313 -
4396 
-
- 4406 - -
4460 4476 16 4478 4476 -2 
4508 4528 20 4523 - -
4509 - - 4538 4528 -10 
4697 
- 4731 - -
4870 4869 -1 4851 4869 18 
4965 4967 2 4967 4967 -0 
5102 
-
5077 - -
3F2 5282 5293 11 5278 5293 15 
5386 5357 -29 5368 5357 -11 
5423 5448 25 5447 5448 1 
5479 
- -
5494 -
3p3 6477 6473 -4 6474 6473 -1 
6618 
- -
6642 
-
6715 6719 4 6718 6719 l 
6832 6820 -12 6832 6820 -12 
6910 
- -
6895 - -
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Theory Expt. E T Theory Expt. E-T 
(T) (E) (T) (E) 
3F4 6981 6947 -34 6965 6947 -18 
7027 - - 7033 7040 7 
7038 7040 1 7177 - -
7218 7307 89 7290 7307 17 
7345 - - 7345 7343 -2 
7373 - - 7351 - -
7399 7343 -56 7534 - -
1G4 9723 - - 9761 - -
9812 
- - 9954 - -
9964 - - 10142 -
9992 
- -
10252 
-
10175 
- - 10330 - -
10428 -
-
10374 
- -
10924 
- - 10856 - -
1 D2 16709 16755 46 16757 16755 -2 
16841 16794 -47 16778 16794 16 
16934 - - 17019 - -
17412 17413 1 17428 17413 -15 
apo 20816 20815 -1 20815 20815 -0 
3p1 21305 21301 -4 21304 21301 -3 
21648 -
-
21676 
- -
lh 20796 - - 21204 - -
20797 - - 21205 - -
21417 - - 21492 - -
21420 - - 21501 21501 -0 
21501 21501 -0 21526 - -
21612 - - 21736 - -
21714 
- - 21887 - -
22227 
- - 22217 - -
22242 - - 22242 - -
22276 - - 22255 - -
3p2 22448 22453 5 22449 22453 4 
22629 
- - 22645 - -
22740 - - 22768 - -
22986 - - 22869 - -
1So 44006 - - 43642 - -
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Table 7.5(a) Same as table 7.l(a) except for A2 center in Ca 1-xSrxF2 : Pr3+ 
Parameters Conventional fit, no SCCF Fit with SCCF 
p2 68090 ± 37 68344 ± 87 
p4 48990 ± 94 49719 ± 140 
p6 30752 ± 67 31539 ± 149 
0: (21.5] [21.5] 
fJ [-600] [-600] 
' 
[2200] [2200] 
( [746] (746} 
Bdub -2538 ±51 -309:3 ± 29 
B~ub -1422 ± 42 -1273 ± 33 
B'fet -644± 33 -213 ± 31 
Biet 1086 ± 48 468 ± 38 
Bfet 986 ± 63 649 ± 72 
b2 0 NA -663 ± 38 
b4 0 NA 870 ± 47 
bg NA -416 ± 82 
(J'd 22 13 
(J'e D2) 18 0.1 
246 
Table 7.5(b) Comparison of experimental and theoretically calculated levels for the A2 center in 
Cat-:rSr:t:F2 : Pr3+ 
Conventional fit,no SCCF Fit with SCCF 
Theory Expt. E-T Theory Expt. E-T 
(T) (E) (T) (E) 
3H4 -2 0 2 -6 0 6 
98 - - 118 - -
237 - - 237 - -
240 - - 240 - -
479 509 30 502 509 7 
544 532 -12 555 532 -23 
785 - - 762 - -
sns 2197 
- -
2187 
- -
2240 2225 -15 2228 2225 -3 
2292 - - 2298 2301 4 
2299 2301 2 2318 - -
2372 2371 -1 2373 2371 
-2 
2596 
- -
2614 - -
2698 - - 2690 - -
2817 - - 2803 - -
an6 4236 4223 -13 4234 4223 -11 
4284 
-
-
4319 
- -
4415 
- -
4422 
- -
4462 4484 22 4481 4484 3 
4495 
- - 4498 - -
4549 
- - 4553 - -
4684 -
-
4626 - -
4866 4873 7 4863 4873 10 
4944 4958. 14 4940 4958 18 
5084 - - 5071 - -
3p2 5337 5332 -5 5325 5332 7 
5422 - - 5401 5387 -14 
5423 5387 -34 5412 
- -
5475 - - 5462 
- -
3p3 6509 - - 6503 
- -
6605 - - 6607 
- -
6756 - - 6740 
- -
6831 - - 6819 
- -
6969 - - 6946 
- -
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Theory Expt. E-T Theory Expt. E-T 
(T) (E) (T) (E) 
3 F4 7036 - - 7074 - -
7071 - - 7080 - -
7076 
- -
7119 
- -
7255 
- -
7323 - -
7365 - - 7369 
- -
7389 - - 7372 - -
7392 -
-
7418 
- -
1G4 9748 - - 9869 - -
9823 
- -
9902 
- -
9968 - - 9961 - -
9987 - - 10031 -
-
10235 - - 10387 - -
10428 - - 10453 - -
11002 
- -
11088 - -
lDz 16807 16830 23 16830 16830 0 
16846 16839 -7 16839 16839 0 
17093 - - 17314 - -
17478 17460 -18 l7460 17460 0 
3po 20976 20968 -8 20969 20968 1 
3pl 21492 21485 
-7 21477 21485 7 
21718 21713 -5 21720 21713 -7 
1/s 21184 - - 21418 - -
21185 - 21422 - -
21560 21539 -21 21540 21539 -1 
21601 - - 21555 - -
21677 - - 21584 - -
21955 - - 22206 - -
22066 - - 22346 - -
22446 - - 22395 - -
22456 22476* 20 22474 22476 • 2 
22481 - - 22619 22618* -1 
3p2 22588 22618* 29 22568 - -
22779 - - 22796 - -
22794 - - 22816 -
23067 - 23020 - -
1So 45079 - - 45513 - -
* - Levels tentatively assigned to the 3 P2 and 1 Is multiplet. 
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Chapter 8 
Spectroscopy of Bleaching 
Centers 
In the study of deuterated and hydrogenated samples of RE ions doped in alkaline 
earth flouride hosts, it was discovered that some centers are unstable under optical 
excitation ( Cockroft[1987] , Reeves et al [1989] , Han[1988]). These are referred 
to as bleaching centers. With a laser frequency tuned to a transition belonging to 
a bleaching center, it was found that the emission intensity from that transition 
decreases over time. After bleaching some of these centers, new transitions could be 
observed in the broadband excitation corresponding to the formation of new centers 
distinct from the center being bleached. There are also bleaching centers that exhibit 
reversible bleaching i.e by merely switching the laser polarisation by 90° the partial 
or complete restoration of the emission intensity was observed. 
These bleaching phenomena are understood to be the result of the excited hy-
drogenic ions gaining sufficient energy to overcome the potential barriers they are 
in to migrate to another lattice or interstitial site. A photoproduct is created if the 
new center formed as a result of the hydrogenic ions migrating is inequivalent to the 
original center. No photoproduct would be produced if the ions present migrate to 
give different orientations of the same center and in such circumstances, reversible 
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bleaching with complete recovery of the bleached emission intensity would be ob-
served. 
The low symmetry bleaching deuterium centers of Pr3+ in. alkaline earth flu-
orides have been characterised by Reeves[l987]. Four of these centers giving the 
strongest transitions were studied and given the labels C3 (l) , C8 (2), Cs(3) and 
Cs(4). A fifth bleaching center was studied in this work and is labelled the Cs(5) 
center. Additionally, new polarisation results for these centers will be presented and 
compared with models previously assigned to them. The rest of this chapter then 
discusses the bleaching behaviour of the weak satellite structures found in the mixed 
crystal systems Ca1-xSrxF2 : Pr3+ and Sr1-xCaxF2 : Pr3+ . 
8.1 LSE of the parent bleaching centers 
8.1.1 Excitation 
In order to choose a suitable line to monitor, the emission spectrum of a center was 
first measured. The center was allowed to bleach for a few minutes beforehand so 
that the rate of decrease in emission was appreciably reduced while the emission 
spectrum was being acquired. While this procedure greatly sacrificed signal inten-
sity , the strongest line for monitoring could be chosen more accurately as some 
transitions could lose up to 90% of their intensity over the few minutes they were 
being bleached. Typically, there was an emission intensity drop of less than 5% as 
measured on the Baucsh and Lomb 1/4 metre monochromator, while an emission 
spectrum was recorded. 
Figures 8.1 and 8.2 present the selective excitation spectra of the Cs(i) centers in 
deuterated CaF2 and SrF2 respectively, monitoring specific transitions between the 
1 D2 ......j> 3 Hs multiplet on the SPEX1403. It was not possible to obtain the excitation 
of the Cs(5) center in Sr F2 as the fluorescence of its transitions to the 3 H5 multiplet 
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was buried by the much stronger fluorescence of the Sm2+ (5 D0 ) 1 r 19 -t (1 F1 ) 3r 49 
transition at 14353cm-1 [Wood et al, 1962] and the broad background from 12500 
to 14500cm-1 produced by the same ion. 
The 3 H5 multiplet was chosen as the terminating multiplet as the others were 
found to be less favourable. While the 3 H4 multiplet could be used and would give 
stronger signals, the transitions to this multiplet are broad making it impossible 
to monitor a level that would satisfactorily discriminate one center against another. 
Emission to the 3 Hs and 3 F2 multiplets was substantially weaker and it was therefore 
less useful monitoring transition to these multiplets to get the LSE spectra. 
The excitation spectra of the Cs(2), Cs(3),Cs(5) centers in CaF2 revealed some 
broad transition structures at 16736cm-1 , 16697cm-1 and 16682cm-1 respectively 
(fig S.l(c),(d),(f)). These are assigned as the second excited state of the 1 D2 multi-
plet of the three centers. An increased in the line broadening of the transitions to 
the D2 level from roughly lcm-1 observed in the fluorine and deuterium C4v centers 
to 15cm-1 in the bleaching centers was apparent. The homogenous broadening by 
spontaneous phonon emission of the upper levels within a multiplet is expected to 
be larger [MacFarlane and Shelby, 1987] and this was observed to be the case for 
centers studied in the CaF2 host. The substitution of the lattice F- by D- anions 
produce a greater change in crystal field experienced by the Pr3+ ion which is re-
flected in the increased seperation of the D1 and D2 levels from 17 and 40cm- 1 for 
the C4v p- and n- centers respectively to approximately 200cm-1 for the bleaching 
centers. 
8.1.2 Polarised Emission 
Through polarised emission measurements, some insight into the symmetry of these 
bleaching centers may be gained. The motivation behind these measurements is to 
compare the symmetries deduced from the polarised emission with those previously 
assigned to the Cs(l), Cs(2), 0 3 (3) and 0 3 (4) centers by Reeves[1987]. 
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Figure 8.1 Excitation spectra of bleaching centers in deuterated CaF2 at 
llK. 
(a) Broadband excitation. (b),( c),( d),( e )and (f) Selective excitation of the 
Cs(l), C8 (2), C8 (3), Cs(4) and C8 (5) centers monitoring 14473cm-l, 
1438lcm-1, 14342cm-1, 14442cm-1 and 14324cm-1 respectively. 
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Figure 8.2 Excitation spectra of bleaching centers in deuterated Sr F2 at 
11K. 
8.2( a) Broadband excitation. (b),( c),( d),( e) Selective excitation of the 
C.,(l), C8 (2), Cs(3) and Cs( 4) centers monitoring 14535cm-I, 14454cm-I, 
14414cm-1 and 14495cm-1 respectively. 
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For reasons mentioned in section 8.1.1, if the relative intensities of transitions 
in the emission spectra of bleaching centers are to be compared, it was particularly 
important to pre-bleach a center. This had to be carried out before each polarised 
emission spectrum was taken, otherwise inaccurate polarisation ratios of the tran-
sitions would be obtained. The introduction of the analyzer further diminished the 
already weak emission from a pre-bleached center, hence integration times of 10 to 
20 seconds per data point were necessary to discriminate the signal from the back-
ground noise. With these adverse factors, only a few transitions from the D1 level to 
the lower levels of the 3 H5 multiplet were recorded. Polarised emission of these are 
shown in figures 8.3 and 8.4 for the bleaching centers in CaP.2 and S1·F2 respectively. 
The corresponding bleaching centers in C aF2 and Sr F2 display the same polarisa-
tion ratios, which suggests structural similarity between equivalent bleaching centers 
in both these hosts. Figure 8.5 displays the models proposed by Reeves[1987] for the 
various bleaching centers and the possible migration paths of the hydrogcnic ions. 
The Cs(l) center 
The model assigned by Reeves[1987] to the Cs(l) center has a C8 symmetry with 
the reflection plane at 45° to the (100) planes parallel to the c4 axis of the parent 
C4v center. The polarisation ratios obtained are roughly 1:1 for the transitions 
observed (figs.8.3(a),8.4(a)) , and these are consistent with the polarisation ratios 
which could be observed for this Cs(a) configuration 1 under 11(x or y) absorption 
of the laser radiation assuming the population in each orientation of this center is 
equal. However, on bleaching this Ca(l) center, the hydrogenic ions in the Cs(1) 
center reorient themselves to an equivalent position since this center demonstrates 
reversible bleaching with complete recovery of the emission intensity. Therefore, 
when this center is bleached, the population of certain orientations will mcrease 
while others decrease and the analysis now has to take this into account. 
Assume firstly, a 12 --+ 11 or 11 --+ 12 absorbtion transition for the Ca(l) center. 
Under the polarisation selection rules for a Cs center2, only the z-component of the 
1See chapter 2 or appendix A 
2See table 2.3 
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Figure 8.4 Polarised spectra of the (a) C8 (1), (b) C8 (2), (c) C8 (3) and 
(d) C8 (4) centers in SrF2. . 
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electric dipole absorbs for Ca(l ). If the laser is polarised Ey, then according to figure 
A.2 or table A.l(a) (Appendix A), orientations 1:2,3 and 4 (set A) will be depleted 
and orientations 5 and 6 (set B) increased since components of the laser E-vector 
polarised in the Y-direction exist along the z-axes for orientations in set A but not 
for the orientations of set B. The depleted orientations in set A would give expected 
(YX):(YY) ratios of 1:2 and between 1:2 and 1:0 for a 12 and /l emission respectively 
while the orientations in set B do not contribute to the observed polarised emission 
as they do not absorb with the laser polarised in theY-direction. Polarisation ratios 
of between 1:2 to 1:0 were observed for the case of Cs(1) center though not the ratio 
of 1:2. 
Consider now the case of a 11 ~ 11 or 12 ~ 12 absorption transition of the 
Ca(l) center, which now requires the x and y-components of the electric dipole to 
absorb. Figure A.2 shows that all six different orientations can now absorb. For 
bleaching to be observed in this case, the absorption strength for one of the x or y 
electric dipole components must be greater than the other. If the absorption by the 
x-component is stronger, then population set A will be depleted and set B enhanced 
and if the absorption by the y-component is stronger, the population set A will be 
enhanced and set B depleted. A depleted set A or set B could still give a significant 
contribution since the emission strength of one of the x or y-components will be 
stronger than the other. 
Examination of figure VI.2.5 Reeves[l 987) reveals that both the Z1 ~ D1 and 
Z2 ~ D1 transitions of the Cs(l) center bleach together, this being consistent with 
a depletion of population set A after the C.,(l) center was bleached. If set A was 
enhanced instead of depleted, the Z2 ~ D1 transition would increase in intensity 
relative to the Z1 ~ D1 transition after the Z1 ~ D1 is bleached. The depletion of 
the population set A can occur as a result of absorption by the z-component of the 
electric dipole or the x-component absorbing more strongly than they-component. 
With the caveat that only a limited number of polarised transitions were recorded, 
the lack of a (YX):(YY) polarisation ratio of 1:2 observed for the C.,(l) center, 
favours the latter mechanism for depletion of population set A. 
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The 0,(2) center 
The bleaching behaviour of the Ga(2) center was found to be more varied and to 
display the following behaviour: 
1) on pumping the Z1 -l- D1 transition, the bleaching is reversible 
though the intensity recovery is not as complete as that of the 0,(1) center; 
2) after bleaching the Z1 -l- D1 transition for 30 minutes, the bleaching cycle 
becomes completely recoverable; 
3) photoproducts are formed when the Z1 --)> D1 transition is bleached and 
bleaching of these photoproducts restores the Z1 -l- D1 transition; 
4) on exciting the Z2 --)> D1 transition, the bleaching cycle was found to be 
non-reversible; 
5) bleaching of the Z1 --)> D1 transition does not affect the Z2 --)> D1 transition. 
The model proposed for the Ca(2) center is shown in figure 8.5(b) and has a 
configuration of the type C3 (b) (see appendix A) with the reflection plane parallel 
to the (100] axis. This model is sufficient to explain points 1,2 and 3. No explanation 
was offered for points 4 and 5 in previous work. To explain point 5, it is necessary 
to examine the six possible orientations of the Cs(b) configuration. The orientations 
excited when the laser is polarised Ey are 1,2,3 and 6 when the radiation is absorbed 
by the x or y component of the electric dipole and 4 and 5 when the z-component 
. absorbs3• There are only two possible irreps for levels of a Cs symmetry i.e /I or 
12 • The Z 1 and Z2 ground state level can not have the same irrep since these levels 
originated from the lifting of degeneracy of a C4v Is level. Therefore a Zt -l- D1 
transition can only affect one set of the possible Cs(b) orientations and the Z2 -l-
D1 a different set. As was observed, the Z1 and Z2 levels of this center bleach 
independently. 
Since the laser E-vector is either parallel or perpendicular to the Cs plane, dif-
ferent alignments of the E-vector will favour migration of ions to form different 
3see figure A.3 
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orientations or different types of centers. For the bleaching of the Z2 -+ D1 transi-
tion theE-vector alignment only allows formation of inequivalent centers and hence 
the non-reversible behaviour of point 4 was observed. 
The observed polarised emission (figs 8.3(b) and 8.4(b) ) for the Cs(2) center is 
explained by this model. However, the C8 (a) and C211 (a) configurations could also 
account for the polarisation ratios observed, though it is not obvious how these two 
configurations would explain point 5. 
The Cs(3) center 
The following features were observed in the LSE of the Cs(3) center: 
(i) formation of photoproducts when bleached; 
(ii) a very fast bleaching rate, of the order of a few seconds in Sr F2 compared to 
several minutes for the other Cs(i) centers; 
(iii) a greater number of local mode vibronic lines in its emission spectra compared 
to the other Cs(i) centers; 
(iv) absence of distinct (YX):(YY) polarisation ratios of 1:2, 1:0 or 0:1(figs. 8.3(c) 
and 8.4( c)). 
No model was assign in previous work to this center but it was concluded that 
the Cs(3) center should comprise a bleaching center with more than two hydrogenic 
ions in the local environment of the Pr3+ ion. Point (iv) suggests that the lowest 
symmetry group of C1 is appropriate for this center. Several n- substituitonal 
arrangements with a cl symmetry are possible but the present set of polarised 
emisison spectra is unable to distinguish between them. 
The Cs(4) center 
Figure 8.5(c) shows the model assigned to the Ca(4) center. Strictly speaking, 
the model does not have a Cs but a C2v symmetry. The observed polarisation ratios 
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(figs. 8.3( d) and 8.4( d)) are consistent with those originating from a C2v center 
and support the previous model assignment. Two new lines Pl and P2 arose when 
the Cs( 4) center was bleached {figure VI.2.10 of Reeves[l987]) and were assigned 
as the Z1 and Zz levels of the same photoproduct. Bleaching both the Pl and P2 
lines restores only about half the Cs( 4) intensity which means not all the ions of the 
photoproducts migrate to reform the parent C8 (4) center. There are no new lines 
to suggest they form other centers around theRE ion so they must have migrated 
further away from the RE ion. 
The C8 (5) center 
The parent Cs(5) center has not been studied previously. When this center in 
the CaF2 host is bleached (fig. 8.6(a)) only the transition at 16403cm-1 appeared 
weakly. It appears that the photoproduct transition of the Cs(5) center belonging 
to this transition lies very close to the Z2 transition of the parent Cs(5) center at 
16403cm-1 • A distinct photoproduct corresponding to the transition at 16506cm-1 
was evident when the Ca(5) center was bleached in the SrF2 crystal (fig. 8.7(b)). 
Tuning the laser to the photoproduct absorption line restores the C3 (5) center for 
both the CaF2 and S1·F2 hosts. 
The polarised emission for the Cs(5) (fig. 8.3(e)) was only measured for the C8 (.5) 
center in CaF2 because of the difficulties mentioned section 8.1.1. No combination 
of the absorption or emission strengths a,b or c of the x, y or z electric dipole 
components of the Cs or C2v center configurations presented in appendix A would 
give the polarisation ratios of 1:1 and 1:0 observed for this center. Therefore it was 
not possible to assign a model based the geometries of the Cs and C2v configurations 
investigated here. 
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Figure 8.6 Excitation spectra of the C8 (5) centers in deuterated (a) CaF2 {b) SrF2 
at llK. 
(i) before bleaching (ii) after bleaching the Ca(5) center (iii) after bleaching the Cs(5) 
center photoproduct. Some recovery is apparent. 
(c) Bleaching curve of the Cs(5) center 
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8.2 LSE of Bleaching Centers in Deuterated Mixed 
Crystals 
In the mixed crystals, weak satellite line structures around the main transitions 
of the bleaching centers were observed in the excitation spectra. The emission 
strengths of the lines from these centers were typically in the order of ten to a 
few hundred times less intense than the electronic transitions of the main bleaching 
centers in the mixed crystals, while in the parent crystals, these satellite lines were 
several thousand times weaker than the parent C,(i) transitions. The results from 
the study of these mixed crystal bleaching centers in Ca1_xSrxF2 : Pr3+ : n- and 
Sr1_xCaxF2 : Pr3+ : v- are reported in section 8.2.1 and 8.2.2 respectively. Some 
discussion about possible models for these centers is given section 8.2.3. Throughout 
the discussion of this section, the labels Cs(i)K will be used , where i is 1,2,3,4,5 
identifying the parent center and /( is an alphabetic label of a particular satellite 
center associated with the parent center. 
Typically, each center was bleached for 15 to 30 minutes at 50 to lOOmW of laser 
power. The broadband excitation scans were performed at a lower power setting of 
10 to 25mW to reduce unintentional bleaching of the centers which have transitions 
within the frequency range of the scans. As the signal levels from the emission of the 
satellite centers are extremely low, the gain of the Keithley electrometer used was 
adjusted to a higher setting. The increased sensistivity of the electrometer however 
produced an undesirable effect of amplifying the minute variations in light intensity 
as the image tended to oscillate slightly about the Bausch and Lomb monochro-
mator entrance slit when the laser frequency was being varied. This signal artifact 
which may show up as ripples in the background of a spectrum originates from the 
birefringent tuning mechanism of the dye laser and can be eliminated by optimizing 
the light collection optics to minimize the oscillations of the image at the slit and 
ensuring that the monochromator entrance slits are opened wider. 
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8.2.1 Bleaching Centers in Ca 1_xSrxF2 : Pr3+ : n-
Extra transitions were observed around transitions of all the 0 3 ( i) centers in Ca 1-xSr·xF2 : 
Pr3+ : n- and these will be discussed in turn. Only satellites with transitions which 
are distinct and sufficiently intense were studied and there are 4,2,3,2 and 5 of these 
asssociated with the Cs(l ), Cs(2), 0 8 (3), Cs( 4) and Cs(5) parent centers respectively. 
The Cs(l) satellites 
Figure 8.7(a) displays the excitation spectra of the region around the Cs(l) satellite 
lines. The satellite features are labelled Cs(l)A, Cs(l)B,Cs(l)C and Cs(l)D. The 
spectrum in figure 8.7(a) is a reference to compare the the excitation spectrum before 
and after the bleaching of the satellite lines. 
The 0 8 (1 )A center 
After bleaching the Cs(l)A center, two photoproduct transitions at 1662lcm-1 
and 16640cm-1 which are labelled Al and A2 in figure 8.7(b)(i) were produced. 
Bleaching the weak Alline partially restores the Cs(l )A transition and bleaching the 
line A2 restores it even further (figs. 8. 7(b )(ii & iii)) though not completely. Another 
transition at 16625cm-1 seems to be a photoproduct transition of the Cs(l )A center 
but it does not affect the intensity of 0 8 (1 )A center when bleached. Repeated 
scanning over different regions of the crystal and at different times revealed that the 
intensity of the transition at 16625cm-1 appears to be random. It is rather stable 
under bleaching and dropped in intensity by about only 10% after 15 minutes of 
bleaching at 1OOm \V of laser power. No further investigation was carried out on this 
center because of its weak emission. The bleaching curve of the Cs(1 )A center is 
shown figure 8.7(f)(i) and is completely reversible after a few cycles of bleaching 
The Cs(1)B ,08 (1)0 and Cs(1)D centers 
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Table 8.1 Summary of the results from the study of the satellite bleaching centers in 
Cal-xSrxF2 : Pr3+. 
Centers Zt -+ D1 
(Zz-+ D1) 
±1cm-1 
C.,(1) 16631 
(16630.5) 
Cs(1)A 16638 
Cs(1)B 16648 
(16646) 
C.,(1)C 16654 
C8 (1)D 16662 
C3 (2) 16533 
(16524) 
16545 
16654 
Description of emission intensity under 
a bleaching cycle where the laser polarisation 
was switched between Ey and Ez 
Fully Recoverable 
Fully recoverable 
after a few cycles 
Non recoverable 
Non recoverable 
Non recoverable 
Partially recoverable 
Non recoverable 
Non recoverable 
Frequency of 
Photoproducts 
±1cm-1 
16621 
16640 
16575 
16586 
272 
C8 (3) 
Cs(3)A 
Ca(3)B 
Ca(3)C 
Cs(5) 
Cs(5)A 
Cs(5)B 
Cs(5)C 
Cs(5)D 
Cs(5)E 
16489 
(16470) 
16497 
16501 
16509 
16603 
(16585) 
16611 
16613 
16443 
16392 
(16378) 
16426 
16455 
16463 
16475 
Non recoverable 16482 
Non recoverable 
Non recoverable 
Non recoverable 
Non recoverable 
Non recoverable 16609 
Non recoverable 
Non recoverable 16403 
Non recoverable 16370 
8.2 LSE of Bleaching Centers in Deuterated Mixed Crystals 273 
The two lines at 16646cm-r and 16648cm-1 are the Z2 -t D1 and Z1 -t Dr 
transitions respectively of the C3 (l)B center. The laser tuned to either of these two 
lines will bleach both the lines simultaneously. No photoproducts were apparent 
after bleaching this center (fig. 8.7( c)) even though it did exhibit a non-reversible 
bleaching cycle (figs. 8.7f(ii)). 
The lines at 16654 and 16662cm-r belong to the Cs(l)C and Cs(l)D centers 
respectively. As for the case of the Ca(l )B center, the bleaching cycles of the Ca(l )C 
and Ca(l )D centers are non reversible (fig. 8. 7(f)(iii) & (iv)) and no apparent 
photoproducts were present after bleaching (fig. 8.7(d) & (e)). The Cs(l)C center 
transition also appeared in the excitation spectra while monitoring the 14495cm-1 
line of the Ca(5) center (fig. 8.1(f)). An emission spectrum, scanning through 
the Dr -t Z1 frequency region of the Cs(5) center while pumping the 16654cm-1 
line , would confirm whether the line labelled Cs(l )C does belong to Cs(5) or not. 
However, since the 16654cm-1 line appears to be out of place when the excitation 
spectrum of the Cs(5) center is compared to the excitation spectrum pattern of the 
C,(2) and C8 (3) centers, it is highly unlikely this line does belong to the C,(5) center 
and it is tentatively assigned as a line of the Cs(l )C satellite center. 
The excitation spectra after bleaching Cs(l)D show that there are further struc-
tures at the shoulder of this center. These were however too weak to be investigated 
further. 
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(a) 
C.(4) satellites 
16600 16680 
Figure 8.7 Broadband excitation spectrum of the Cs(l) center and its 
satellites in the Cat-xSrxF2 : Pr3+ mixed crystal at llK 
(a) Before bleaching. 
(b )(i) After bleaching the Cs(l )A satellite two photoproducts transitions 
at 16621cm-1and 16640cm-1label1ed Al and A2 respectively. (ii) & (iii) 
Exciting the photproduct transitions Al and A2 respectively partially 
restores some of the lost intensity in the C8 (l)A center. 
(c),(d),(e) After bleaching the satellites C8 (l)B, C8 (1)C and C8 (l)D 
respectively. There were no obvious photoproducts after bleaching these 
centers. 
(f)(i)-(iv) The bleaching curves of the Cs(l)A, Cs(l)B, Cs(l)C and 
C8 (1)D respectively. The Z andY labels refer to the two orthogonal 
polarisation direction of the laser polarisation. 
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The Cs(2) satellites 
The Cs(2)A and Cs(2)B centers 
The excitation spectra of the Cs(2) center and its satellite transitions are shown 
in figure 8.8. Only the two strongest satellite lines, belonging to the Cs(2)A and 
Cs(2)B centers at 16545cm-1 and 1654 7cm-1 were studied. They both display non 
reversible bleaching (fig. 8.8( d)) with only the C9 (2)B center giving an obvious 
photoproduct transition at 16586cm -l (fig. 8.8( c )(i) ). No new transiUons were 
observed for the Cs(2)A center after bleaching (fig. 8.8(b )). 
The Cs(3) satellites 
The Cs(3)A , Cs(3)B and Ca(3)C centers 
Figure 8.9( a) shows the spectral region around the transition belonging to the 
Ca(3) center. The satellite structures investigated in this study associated with the 
C8 (3) center are labelled Cs(3)A, C8 (3)B and Cs(3)C. Like their parent Cs(3) c~nter 
, the three satellites bleach non reversibly (fig. 8.9(e)). After bleaching each of these 
three satellite centers, careful scrutiny of the excitation spectra (figs. 8.9(b),(c) & 
(d)) did not reveal any new transitions belonging to photoproducts. 
The line at 16477cm-1 does not bleach which is most uncharacteristic of transi~ 
tions in this region of the spectra. The location of this line fits in with the overall 
energy scheme of a Z2( /4) --+ D2( 13) magnet1c dipole transition of the D- or p- C4v 
centers. The Z2 level was not observed directly in the work of Reeves[l 987) but was 
inferred from the Z2 vibronic levels to be 195cm-1 • The line at 16477cm-1 would 
give an assignment of 237cm-1 for then- 0 411 Z2 level. If the line at 16477cm-1 is 
considered as the p- C411 center transition, then the Z2 level of this center would 
be assigned at 338cm-1 . 
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Figure 8.8 Bleaching of the Cs(2) center satellites in the 
Ca1_xSrxF2 : Pr3+ mixed crystal at llK. 
(a) Before bleaching. 
(b) After bleaching the C,(2)A center, no photoproduct formation 
apparent. 
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( c )(i) A single photoproduct formation was apparent after bleaching the 
Cs(2)B center. The photoproduct transition, at 16586cm-1is marked with 
an asterisk. (ii) On pumping the photoproduct, the bleached intensity of 
the C,(2) B center was partially restored. 
( d)(i) & (ii) The bleaching curves of the C8 (2)A and C3 (2)B center 
respectively. 
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A few other lines in figure 8.9(a) are observed from 16450cm-1 to 16475cm-1 • 
These were taken to be the satellite lines associated with the Cs(5) center though 
this association is somewhat arbitrary given that these lines are almost as close 
to the main transitions of the Cs(3) center as to those of the Cs(5) center. Their 
relative intensities appeared to have altered after the first scan of figure 7.12(a) but 
remained constant after subsequent scans. At present, the cause of this behaviour 
remains unexplained. 
The Cs( 4) satellites 
The Cs( 4)A and Cs( 4)B centers 
Examination of the excitation spectra reveals that the line belonging to the 
Cs(4)A center is the strongest satellite line associated with the Cs(4) center (fig. 
8.10(a)). One distinct photoproduct transition was produced when this satellite was 
bleached. On exciting the photoproduct not only is the intensity of the Cs( 4 )A satel-
lite restored but a new transition peak arose at 16582cm-1 (fig. 8.10(d)). Bleaching 
the 16582cm-1 peak produced no change to the excitation spectra apart from the 
diminished intensity of the line being bleached. The non reversible bleaching cy-
cle observed for the Cs(4)A center (fig. 8.10(e)) is consistent with photoproduct 
formation. 
Satellite Cs(4)B bleaches non reversibly (fig.8.10(e)) as well but no clear photo-
products were observed (fig.8.10(b)). The other weaker satellites centered around 
16853cm-1 were not studied in detail but they did bleach under excitation. 
The Cs(5) satellites 
The Cs(5)A,Cs(5)B, Cs(5)C, C5 (5)D, Cs(5)E centers 
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Figure 8.9 Bleaching of the C8 (3) center satellites in 
the Cal-xSrxF2 : Pr3+ mixed crystal at llK 
(a) Before bleaching. 
(b) After bleaching the Cs(3)A center. 
(c) After bleaching the Cs(3)B center. 
(d) After bleaching the C3 (3)C center. 
No obvious transitions of photoproduct were 
observed after bleaching each of the three centers. 
( e)(i)-(iii) The non-reversible bleaching cycles of the 
C3 (3)A, Cs(3)B and C3 (3)C centers respectively. 
The transition labelled with asterisks are satellite 
lines associated with the C8 (5) center. 
The lines labelled 1 is the photoproduct of the C3 (3) 
center. The line labelled 2 at 16477cm-1 is discussed 
in the text. 
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Figure 8.10 Bleaching of the 0 8 (4) center satellites in the 
Cat-xSrxF2: Pr3+ mixed crystal at llK 
(a) Before bleaching. 
(b) After bleaching the Cs(4)B center, no photoproduct observed. 
(c) After bleaching the Cs(4)A center, one photoproduct observed at 
16608cm-1(the transition labelled with an asterisk). 
(d) After exciting the photoproduct transition at 16608cm-1, some 
restoration of the Cs( 4 )A center was observed and another peak was seen 
to appear at 16852cm-1(1abelled with an asterisk). 
(e)(i) & (ii) The non-reversible bleaching curves of the C3 (4)A and C3 (4)B 
respectively. 
The line labelled 1 is the transition from the Z2 level 
of the Cs( 4) center. 
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The Z1 and Z2 levels of Ca(5)A center bleach together and after bleaching, a 
single photoproduct transition was observed at 16370cm-1 (fig.8.11 ). Pumping the 
photoproduct restores the bleached intensity of the 0 8 (5)A center. There are other 
satellite structures associated with the 0 8 (5) center from 16450cm-1 to 16475cm-1 . 
They were bleached but no transitions belonging to photoproducts were apparent. 
The satellite lines of the Cs(5)B, 0 8 (5)0, Ca(5)D and Ca(5)E centers (fig. 8.9( a)) 
were bleached but no obvious photoproducts were observed. 
8.2.2 Bleaching Centers in Sr1_xCaxF2 : Pr3+ : n-
While the parent Oa(l) to 0 8 (5) bleaching centers appear to be equivalent in both 
the CaF2 and Sr F2 hosts, the same cannot be said of all their satellites which vary in 
number, spectral features in the broadband excitation and bleaching behaviour. This 
is further evidence that the mixed crystal centers in the Sr1-xCaxF2 : Pr3+ : n-
and Ca 1-xSrxF2 : Pr3+ : D- crystal systems have significantly different structures. 
This section present the results of the work done on the bleaching of the satellite 
structures in the Sr1-xCaxF2 : Pr3+ : n- crystal with 5, 5, 3 and 1 satellite centers 
studied for the 0 8 (1), Os(2), Ca(3) and 0 8 (4) centers respectively. The satellite 
centers for the Cs(5) center were too closely overlapped to be properly studied. 
The 0 8 ( 1) satellites 
Figure 8.12(a) displaying the broadband excitation around the Cs(l) region may be 
used as a reference to compare with a spectrum after a satellite center has been 
bleached. Five satellite centers associated with the 0 8 (1) center labelled Cs(l)A to 
Ca(l)E are studied and the results from the LSE study of these centers are presented 
below. 
The 0 3 (1 )A center 
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8.11(d) 
16 0 
Minutes 
Figure 8.11 Bleaching of the Cs(5) center satellites 
in the Cat-xSrxFz : Pr3+ mixed crystal at llK 
(a) Before bleaching. 
(b) After bleaching the Z1 transition of the Cs(5)A 
center, the Zz transition decreased in intensity as 
well and a single photoproduct was apparent at 
16370cm-1• 
(c) Bleaching the photoproduct restores both the Z1 
and Zz transtion. 
' (d) The bleaching curve of the C.,(5)A center. 
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Table 8.2 Summary of the results from the study of the satellite bleaching centers in 
Sr1-xCaxF2 : Pr3+. 
Centers Z1 -t D1 
(Z2 -t D1) 
±lcm-1 
Cs(l) 16709 
(16706) 
Cs(1 )A 16713 
Cs(1 )B 16714 
Ca(1 )C 16717 
Ca(1)D 16719 
C.,(1)E 16730 
C.,(2) 16615 
(16606) 
C.,(2)A 16619 
Ca(2)B 16620 
Cs(2)C 16621 
Cs(2)D 16626 
C.,(2)E 16629 
Description of emission intensity under 
a bleaching cycle where the laser polarisation 
was switched between Ey and Ez 
Fully Recoverable 
partially recoverable 
Partially recoverable 
Partially recoverable 
Partially recoverable 
Partially recoverable 
Partial recoverable 
Partial recoverable 
Non recoverable 
Non recoverable 
Non recoverable 
Frequency of 
Photoproducts 
±lcm-1 
16685 
16717(?) 
16685 
16667 
16597 
16602 
16602 
16649 
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C8 (3) 16569 Non recoverable 
{16553) 
C8(3)A 16573 Non recoverable 
Cs(3)B 16579 Non recoverable 
Cs(3)C 16582 Non recoverable 
(16557) 
16670 Non recoverable 
16675 Partially recoverable 
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16572 
16566 
16555 
16679 
16668 
16686 
16658 
294 
Figure 8.12 Bleaching of the Cs(l) center satellites in the 
Srt-xCaxF2 : Pr3+ mixed crystal at llK 
(a) Before bleaching. 
(b)(i) Bleaching the C.,(l)A satellite produced one photoproduct apparent 
at 16685cm-1(1abelled with an asterisk). (ii) Exciting the photoproduct, 
there was some recovery of the bleached intensity in the C8 (l)A center. 
(c) Bleaching sequence demostra.ting inter-conversion between satellite 
centers. (i) After bleaching the Cs(2)B satellite, a small rise in the 
intensity of the C8 (1)C transition was observed. (ii) Bleaching the C3 (l)C 
transition restores the C8 (l)B center as well as produces a photoproduct 
with a transition at 16685cm-1 • (iii) Dleaching the photproduct restores 
the C.,(l)C center. 
{d) & (e) Bleaching of C.,(l)D and C8 (1)E centers respectively produced 
no obvious photoproduct. 
{f)(i)-(v) The bleaching curves of the Cs(l)A, C8 (l)B, Cs(l)C, Ca(l)D 
and Cs(l)E centers respectively. 
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.(a) 
16630 16740 
.(b)(i) 
* 
16630 16740 
(b )(ii) 
16630 16740 
296 
(c)(i) 
16630 16740 
(c)(ii) 
16630 16740 
{c)(iii) 
16630 16740 
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{d) 
16630 16740 
(e) 
16630 16740 
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After bleaching the Cs(l)A satellite line, a small rise of intensity at 16685cm-1 
was found to be a photoproduct of the Cs(l)A satellite (fig.8.12(b)). After bleaching 
the photoproduct, some partial recovery in the Cs(l )A center was apparent. The 
bleaching cycle shows that this center bleaches reversibly after the first few cycles 
(fig.8.12( f)). 
The Cs(l)B and Cs(l)C centers 
Following the bleaching sequence shown in figures 8.12( c)(i) to (iii), the bleach-
ing of Cs(l)B center produces no photoproduct though a small rise in the intensity 
of the Cs(l )C center transition was observed. When the laser was tuned to excite 
the Cs(l)C center transition after bleaching the Cs(l)B center, the C8 (l)C center 
bleaches while the Cs(l )B center recovers and exceeds its initial intensity. A pho-
. toproduct was also observed at 16685cm-1 at the exact position where the Cs(l )A 
photoproduct was found, after bleaching the Cs(l)C center. By exciting the photo-
product, it is possible to recover partially the Cs(l )C satellite. The bleaching cycles 
of the C8 (1 )B and Cs(l )C centers show that their intensity is partially recoverable 
(fig.8.12(f)). 
The Cs(l )D and C3 (1 )E centers 
Both the C8 (l)D and C3 (l)E centers have bleaching cycles which are also par-
tially recoverable (figs.8.12(f))). The excitation spectra after bleaching revealed no 
new. transitions (fig.8.12(d) & (e)). The other transition at 16712cm-1 between the 
line of the Cs(l) parent center and the Cs(l)A center (fig.8.12(a)) bleaches as well 
with no photoproduct apparent after bleaching. 
The C3 (2) satellites 
The broadband excitation spectrum around the Cs (2) region before any bleaching 
is shown in figure 8.13(a). The Cs(2) satellite structures investigated comprise the 
centers C8 (l)A to Cs(l)E which are discussed below. 
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(a)(i) 
16580 
Zz Z1 
I 
(s(2)A 
C8 (2)B . ~- Cs(2)C 
I Ca(2)D 
I Ca(2)E 
16080 
Figure 8.13 Broadband excitation spectrum of the C8 (2) center and its 
satellites in the Sr1-xCaxF2 : Pr3+ mixed crystal at llK 
(a) Before bleaching. · 
(b )(i) After bleaching the C8 (2)A center. One photoproduct with a weak 
transition intensity is observed at 16597cm-1(marked with asterisk). (ii) 
After bleaching the photproduct, some restoration of the C8 (2)A center 
occurred. 
( c )(i)& (ii) As for (b) except now bleaching the C8 (2)B center and the 
photproduct transtion is at 16602cm-1. 
( d)(i)& (ii) As for (b) except now bleaching the C8 (2)C center and the 
photproduct transtion is at 16603cm-1• 
(e) Bleaching the C8 (2)D center, a photproduct was formed with 
transition at 16649cm-1 • 
(f) Bleaching the Cs(2)E center did not produce any obvious 
photoproduct. Further sturctures are apparent under the under the 
C8 (2)E transition. 
(g)(i)-(v) The bleaching cycles of the Cs(2)A , Cs(2)B , Cs(2)C , Cs(2)D 
and C8 (2)E centers respectively. 
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The Ca(2)A and Ca(2)B centers 
Like their parent center, the C8 (2)A and Ca(2)B centers undergo reversible 
bleaching with partial recovery of their intensity (fig. 8.13(g)) after a few bleaching 
cycles. Photoproduct transitions are just discernable at 16597cm-1 and 16602cm-1 
after bleaching the centers C,(2)A and C8 (2)B respectively. By exciting these pho-
toproduct, it was possible to recover the Cs(2)A and Cs(2)B centers (fig. 8.13(b) & 
(c)). 
The Cs(2)C, C8 (2)D and Cs(2)B centers 
These three centers do not exhibit reversible bleaching (fig. 8.13 (g)) with pho-
toproduct transitions apparent after the C5 (2)C and Cs(2)D centers were bleached 
(figs. 8.13(d) & (e)). The photoproduct transitions were recorded at 16602cm-1 
and 16649cm-1 for the Cs(2)C and C8 (2)D centers respectively. No photoproduct 
transitions were observed after bleaching the C8 (2)E center. 
The C.,(3) satellites 
The Ca(3)A, Cs(3)B and Ca(3)C centers 
Figure 8.14(a) shows the typical excitation spectrum before any of the Cs(3) 
satellite centers were bleached. The bleaching cycles for all three centers are non-
reversible (fig. 8.14(e)). After bleaching the Cs(3)A and Cs(3)B centers, photoprod-
uct transitions were found at 16566cm-1 and 16555cm-1 respectively (fig. 8.14(b) 
& (c)). The bleached intensity of both the C8 (3)A and Cs(3)B centers can be re-
stored by excitation of their photoproduct transitions. The Cs(3)C center bleaches 
with no obvious photoproduct transitions being produced. The line at 15557cm-1 
is assigned the Z2 level of the Cs(3)C center as it bleaches with the Zt level at 
15582cm-1 • 
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{a) 
C,(3)A 
1 C,(3)B I C,(3)C 
16540 
Figure 8.14 Bleaching of the Cs(3) center satellites in the 
Srt-xCaxF2 : Pr3+ mixed crystal at llK 
(a) Before bleaching any of the satellites. 
16600 
(b )(i) After bleaching the C8 (3)A center. One photoproduct with a 
transition observed at 16566cm-1(marked with asterisk). (ii) After 
bleaching the photproduct, some restoration of the C8 (3)A center occured. 
(c) As for (b) except bleaching the C9 (3)B center and the photproduct is 
at 16555cm-1 
(d) Bleaching the C8 (3)C center revealed further structures under this 
center as well. The arrow indicate the position of the Z2 transition of the 
Cs(3)C center which bleach with the Z1 transition. 
(e)(i)-(iii) The bleaching curves of the Cs(3)A, C8 (3)B and C8 (3)C centers 
respectively. 
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The Cs( 4) satellite 
The Cs( 4)A center 
Only one Cs( 4) satellite was studied and is labelled Cs( 4)A in figure 8.15( a). The 
bleaching cycle of this center (fig. 8.15( c)) shows that it is not completely reversible. 
After bleaching, it also has two photoproducts like its parent , labelled P1 and P2 , 
and exciting both the P1 and P2 photoproducts of this center partially recovers the 
bleached intensity of the Cs( 4)A center. 
There are also weaker transitions around the Cs( 4)A center. These were not 
studied in detail since they were too closely overlapped by each other and the Cs ( 4 )A 
center. 
The 0 8 (5) satellites 
The prominent Cs(5) satellites in this host consist of a band centered on 16529cm-1 
and it appears that the transitions around this band consist of a few closely over-
lapping transitions. On tuning the laser to coincide with the peak frequency of this 
band, the intensity of the peak diminished revealing futher overlapping transitions 
(fig. 8.16). These were too weak and closely overlapped to be successfully studied. 
8.2.3 Summary, Discussion and Possible Models 
The frequencies, bleaching behaviour and photoproducts of the mixed crystal cen-
ters studied are summarized in tables 8.1 and 8.2. Apart from the simplest cases, 
modelling the mixed crystal bleaching centers is difficult because of the number of 
possibilities available with the increase in the type and number of ions that consti-
tute the mixed crystal bleaching centers. 
310 
(a) 
16630 
(b )(i) 
16630 
(b )(ii) 
16630 
Pl 
I 
C,(4)A 
16700 
16700 
16700 
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(c) 
48 24 
Minutes 
Figure 8.15 Bleaching of the C8 (4) center satellites in the 
Srt-xCaxF2: Pr3+ mixed crystal at llK 
(a) Before bleaching. 
0 
(b )(i) Bleaching the C8 ( 4)A center produces two photproducts labelled Pl 
and P2 at 16658cm-1and 16686cm-1respectively. (ii) The excitation 
spectrum after bleaching both these photoproducts restores partially the 
bleached intensity of the C8 (4)A center. 
(c) The bleaching cycle of the C8 (4)A center showing some partial 
recovery between cycles. 
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312 
C,(5) 
(a.) 
16490 
(b) 
16490 
Figure 8.16 Bleaching of the Cs(5) center satellites in the 
Sr1-xCaxF2: Pr3+ mixed crystal at llK 
1657J 
16570 
(a) Before bleaching. At least four transitions contribute to the transition 
band markedwith an arrow, which is only apparent after (b) exciting the 
peak of the band at 16529cm-1 
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Given that the polarisation measurements of the mixed centers studied in the 
C a2+ doped Sr F2 crystal did not yield explicable models for the two A3 type mixed 
crystal centers previously studied, the opportunity of arriving at models for the 
mixed crystal bleaching centers will be remote with the spectral data available from 
this work, hence no attempts were made toward this goal. 
In the case of the Sr2+ doped C aF2 crystal, the possible substitutional positions 
of the alkaline earth dopant is fairly well established from previous work with the 
off-axis AI and on-axis A2 mixed crystal centers as good starting configurations. 
Hence it is possible to deduce probable models for the satellite bleaching centers of 
this crystal system as presented below. 
Models of mixed crystal bleaching centers in Cal-xSrxF2: Pr3+ 
Bringing together the models for the mixed crystal centers shown in in figure 2.2 and 
the models of the multiple deuterium bleaching centers of figures 8.5, it was possible 
to arrive at probable models for some of the mixed crystal bleaching centers. Since 
definite models were proposed for the C.,( I), 0 3 (2) and C,( 4) bleaching centers, 
the main part of the discussion in this sub-section will be concerned with how the 
alkaline earth dopants can be arranged to give some models for these mixed crystal 
satellite bleaching centers. 
Models for the satellite centers 
Starting with the deuterium substitution model for the Cs(l) center as shown 
in figure 8.5( a), and adopting the previously proposed NN cation positions that the 
dopant Sr2+ can occupy for the AI center, there are only two inequivalent centers 
possible as shown in figures 8.17(a)(i) and (ii). For the on-axis Sr2+ substitution 
of the A2 center, only one possible bleaching center can be derived from the C3 (1) 
parent center and this is shown in figure 8.17(b). Hence three bleaching sites are 
expected if only the Al and A2 type cation substitutions are considered. However, 
four prominent Cs(l) satellite centers were observed. The A3 center may hold the 
314 
key to the description of the fourth center and using the tentative C2v( a), two cation 
substitution model discussed in chapter 4.1.3, two further mixed crystal centers are 
possible. 
Assigning particular transitions to a specific model is another matter and this 
will not be resolved with the set of spectroscopic data acquired in this work. 
Models for the Cs(2) satellite centers 
Merging the model of the Cs(2) center with the models for the AI and A2 centers, 
four models of the Cs(2) satellite centers, emerge, shown in figure 8.18. There are 
only two prominent satellite lines observed in the excitation spectra of the c .. (2) 
satellite centers (fig. 8.8(a)). It is thus concluded that not all of the proposed 
models for the C.,(2) satellite center apply. There is insufficient information on the 
distortion of the lattice as a result of the deuterium substitutions to give further 
weight to particular models which may be more likely for the two prominent Cs(2) 
satellite centers observed. 
Models for the Cs(4) satellite centers 
The Cs( 4) center is interesting because with a C2v( a) symmetry configuration, it 
has higher symmetry than the other bleaching centers. Even with three deuterium 
substitutions in the local environment of the Pr3+ ion for the Cs( 4) center, there can 
arise only two inequivalent mixed crystal bleaching centers using the alkaline earth 
dopant arrangement of the Al and A2 center models (figure 8.19). As observed, two 
definite C8 (4) satellite centers were apparent (figure 8.10) 
Models for the Cs(3) and Cs(5) centers 
Since no models were assigned to the C8 (3) and Cs(5) centers, there is a lack of 
rational on how to present models for their satellite centers. The possibilities are 
not limitless when considering only two deuterium substitutions in the NN fluorine 
coordination shells with a single n- interstitial in the usual C4v position. These 
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are shown in figure 8.20. The model shown in figure 8.20( a) could probably be 
ruled out for the 0 8 (3) center because it has a Cs( a) symmetry configuration which 
is not in agreement with the polarisation ratios observed. The polarised emission 
spectra data suggest a lower symmetry. Attempts to propose models for the 0 8 (3) 
and 0 8 (5) satellite centers based on these would not be fruitful at this stage since 
it is uncertain which is the likely model for each of the parent bleaching centers. 
(a)(i) 
0 0 
(a) (ii) 
0 0 
(b) 
• p- Substitutional AE2+ 
0 v- 0 Pr3+ 
Figure 8.17 Models of C$(1) satellite centers centers. 
Satellite center derived form the combination of the Cs(l) n- anion 
substitution with (a) (i) & (ii) the A 1 type and (b) the A2 type alkaline 
earth cation substitution. 
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Figure 8.18 Models of C8 (2) satellite centers centers. 
Satellite center derived form the combination of the C8 (2) n- anion 
substitution with (a) (i), (ii) & (ii) the Al type and (b) the A2 
type alkaline earth cation substitution. 
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Figure 8.19 Models of C,(4) satellite centers centers. 
Satellite center derived form the combination of the Cs( 4) D- anion 
substitution with (a) the Al type and (b) the A2 type alkaline 
earth cation substitution. 
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Figure 8.20 Some possible models for the Cs(3) and Cs(5) centers 
derived from the model for the C3 (l) center which involves only three 
D- anions in the neighbourhood of the Pr3+ ion. 
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Chapter 9 
Summary and Conclusion 
The principal aim of this work was to investigate the Pr3+ defect centers of doubly 
doped AE fluoride crystals using laser selective excitation. Choosing the two AE 
fluoride hosts C aF2 and Sr F2 and three alkaline earth dopant cations C a2+, Sr2+ 
and Ba2+ , four mixed crystal systems were studied. The centers in these crystals 
studied were characterised on the basis of the polarised emission spectra observed 
and all the centers display one of four types of polarisation behaviour; these centers 
being arbitrarily labelled types Al, A2, A3 and A4. 
Some models are proposed for the four types of center and these are derived 
from the parent C4v center. The polarisation behaviour of the Al centers fits the 
description of an off-axis substitution of a single dopant alkaline earth cation to give 
a Cs symmetry of the configuration shown in figure 2.2(a)(iii), while that of the A2 
centers consists of an on-axis, i.e along the C4 axis of the parent C4 v center, alkaline 
earth cation subsitution, thus retaining C4v symmetry. It was not possible to arrive 
at an unambigous substitutional arrangement for the A3 type centers though their 
polarisation spectra appears to suggests a C2 v symmetry. This requires two AE 
dopants which is statistically less likely. The randomness of the polarisation ratios 
observed for the A4 centers suggests the lowest symmetry, C1 for this center. A 
conclusive model has yet to emerge for this center. 
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For the Ca1_xSrxF2 : Pr3+ crystal system, the two prominent mixed crys-
tal centers are the Al and A2 center with a weaker A3 center apparent. The 
Ca1-xBaxF2 : Pr3+ is interesting in that there are many more mixed crystal centers 
than the Sr2+ doped crystal. However only three were successfully discriminated, 
two of these being Al type centers and the third an A2 type center. Two A3 type 
centers were observed in the Sr1-xCaxF2 : Pr3+ crystal system. It is believed that 
other mixed crystal centers are present but the difficulty with LSE studies of these is 
that the lines of these centers in the excitation range of the dye laser used appeared 
within a narrow frequency range and closely overlapped one another. It was possi-
ble to investigate one clear mixed crystal center in the Sr1_xBaxF2 : Pr3+ system 
and this is the only center that exhibited the polarisation behaviour of an A4 type 
center. 
LSE studies on the deuterated versions of the mixed crystals were also performed 
and all the mixed crystal centers studied displayed the same four types of polarisation 
behaviour. The substitution of an p- ion with a n- ion in a deuterated crystal 
should retain the charge compensation center symmetry though the crystal field 
will be altered. Additionally, vibronic features arising from the coupling of the local 
mode vibrational states of the lighter hydride ion with the electronic states are also 
observed. 
Two n- centers of the type Al and A2 are studied in the Ca1_xSrxF2 : Pr3+ : n-
crystal system and they would be the analogues of the equivalent p- mixed crystal 
centers. The population of the A3 center is believe to be low in the undeuterated 
crystal and it is most likely that there will be less of the n- variant of this center 
in a deuterated crystal, hence making detection difficult. The Al and A2 type n-
centers are also observed in the Ca1_xBaxF2 : Pr3+ : n- crystal system while the 
Sr1-xCaxF2 : Pr3+ crystal yielded two A3 type n- centers like its undeuterated 
counterpart. The Srl-xBaxF2 : Pr3+ : n- crystal gave an A4 type deuterium center 
and additionally, an A2 type center. The latter is not apparent in the undeuterated 
crystal. Though the A2 (F-) center was not observed, it is most likely to be present 
but the levels in the 1 D2 mulitplet were not successfully discriminated and hence 
could not be studied. 
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The use of a relatively simple device in the form of a mechanical chopper proved 
most effective, at least within a certain range of decay rates, for discriminating 
transitions of centers by time resolution. This method clearly demonstrated the 
presence of further mixed alkaline earth centers in the Sr F2 host when the transitions 
of these centers were resolved under a scan performed with the chopper. An idea 
of the relative lifetimes of the centers was also possible by varying the speed of the 
chopper and comparing the relative emission intensities of the centers. 
A more quantitative approach to the temporal studies of the centers in the mixed 
crystal using the pulsed dye laser revealed that the lifetime of the off-axis Al center is 
not very different from that of the parent C4v center. This suggests small alterations 
in the crystal field of the parent C4v center to give rise to the Al center. The lifetime 
of the A2 centers is roughly twice that of the parent C4v center. Since both these 
centers are proposed to have the same symmetry, the smaller decay rate of the 
A2 center must correspond to smaller crystal field parameters for the A2 center 
compared to the parent center which suggests that the interstitial F- is also further 
from the Pr3+ ion in the A2 center. 
The excitation transfer of the C4v center was proposed to be due to the long range 
intercluster dipole-dipole interaction. The decay rate for this form of interaction 
according to theory should be proportional to R-3 , where R is the mean distance 
between the C4v centers. A fit of the decay rates from various concentration of Pr3+ 
in CaF2 revealed a R-2 ·7 relationship, close to the predicted value for a dipole-dipole 
interaction. 
The crystal field fit of the various C4v centers were attempted. Though the results 
of the fit are far from definitive, the problems and possible solutions are identified, 
namely the need for more levels in the 1 h and 3 P2 multiplets to be assigned and 
the probable need of the spin correlation crystal field to resolve the poor fit of the 
levels in the 1 D2 mulitplet. 
The last part of this dissertation described the behaviour of the bleaching cen-
ters. The polarisation behaviour of the parent bleaching centers studied on the whole 
agreed with previously assigned models for the bleaching centers. From further con-
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sideration of the dipole absorption and emission strengths along various axes of the 
centers based on the models assigned, excitation conditions which produced effects 
like the independent bleaching behaviour of transitions from the zl and z2 levels 
were explained. An additional parent bleaching center, the 0 3 (5) center was also 
studied though the polarisation results were not consistent with the models investi-
gated in this work. 
The most challenging part of this work experimentally is probably the study of 
the mixed crystal bleaching centers, firstly because there are so many of them and 
secondly because their enlission strength is extremely weak requiring careful opti-
mization of all the apparatus used. Nonetheless, the major satellite features around 
the transitions of the parent bleaching <;:enters were studie9 and ;>orne p:obable' mod-
els evolving around the parent bleaching centers a.re proposed for the mixed crystal 
bleaching centers. 
In conclusion, the efficacy of the LSE technique for the study of the mixed crystal 
centers was demonstrated. It would be premature to declare that the Pr·3+ doped 
mixed alkaline earth crystals have nothing left to teach us; experience has shown in 
the past a new twist could be just around the corner. This could come from the 
application of other techniques like EPR and ENDOR. It is almost certain that the 
application of high resolution lasers for holeburning or ODN1v1R studies would yield 
further results to answer some questions and perhaps raise a. few more. 
Appendix A 
Calculation of the expected 
. polarisation ratios for the C s and 
C2v centers 
Calculations of the polarisation ratios for the C8 and C2u centers are presented in 
sections A.l and A.2 respectively. The degraded polarisation ratios of the C4u center 
obtained as the laser polarisation E-vector departs from perfect alignment with the 
crystallographic axes are given in Section A.3 . 
A.l The Cs centers 
Two different Cs configurations are derivable from the parent C4u center for a single 
cation substitution in the NN cation sphere. These are labelled Cs(a) and Cs(b) 
and defined by the orientation of their Cs reflection plane relative to a (100) plane 
parallel to the C4 axis of a C4u center. Representative structures of these two possible 
configurations in a cubic lattice are shown in figure A.l. 
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The position of the dopant alkaline earth cation defines the x,y and z axes of the 
site and the Cs reflection plane of a particular Cs center. The oscillator strengths of 
the x, y and z components of a 0 8 center electric dipole are arbitrarily defined as a,b 
and c respectively. The global axes X,Y and Z are aligned with the crystallographic 
[100] axes. The polarisation of the laser parallel to theY or Z axes was designated 
in chapter 2 as Ev and Ez. 
The method by which the polarisation ratios are worked out is demonstrated 
by way of an example, using the Cs(a) site configuration of figure A.l. Consider 
the case for the laser polarised Ez, then under a 11 ( x or y) absorption, only the x 
component contributes with an absorption strength of 72a, since the Ez vector is 
45° from the x-axis. If the emission in the Z-direction is also 11 (x or y), then the x 
and y components emit with strengths of ~a2 and ~ab respectively. 
In the C aF2 or Sr F2 host, there are six inequivalent orientations of the same 
center configuration and the determination of the net polarisation ratios involves 
evaluation of the absorption and emission strengths for all six orientations. 
A.l.l The Cs(a) center 
The six inequivalent positions for this center are shown in figure A.2 and tables 
A.l(a) and A.l(b) list the net polarisation ratios expected for the laser polarised 
Ez and Ey. Ix and [y refer to the emission intensities of light polarised in the X 
and Y directions. For the laser polarised Ez, centers of this configuration are not 
expected to display any polarisation effects. 
For the case of a 11(x or y) absorption with laser polarised Ey and 11(x or y) 
emission, the predicted polarisation ratio is: 
(A.l) 
where k is a real number, greater than or equal to 0. a and b must be real and 
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Figure A.l Examples of the two Cs center configurations in a cubic lattice. 
(a) and l(b) are the C,(a) and C6 (b) configurations respectively. The parent C4 axis is aligned 
with the center y-axis. The x and y-axes are chosen by the group table of Nielson and 
Koster(1963) to lie in the reflection plane. The orientation of the C6 reflection plane which 
distinguishes the center configuration is determined by the foreign cation. Note also the global or 
.._ crystallographic axes in relation to the center axes. 
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positive for these values to be physically meaningful. Rearranging, 
and therefore , 
b = ~ [llk ± ( -2 + 1lk + llk2 ) 112]. 
For real values of a and b, it is required that : 
(-2 + 1 1 k + 1 1 k2 ) > o 
0 > 2k2 - k -1 
-112 < k ~ 1. 
Since k ;:::: 0 , the polarisation ratio allowed must fall with the range: 
0 < lx < 1 
- ]y-
(A.2) 
(A.3) 
(AA) 
(A.5) 
When the absorption is under 72 ( z) and emission is under 71 ( x or y), or absorp-
tion under 71 and emission under 72 , the range of polarisation values allowed can 
be similarly found by letting the polarisation ratio be 
Ix = a+ .J2h = k, 
]y 2a 
g1vmg: 
a 
b = .J2(2k- 1). 
For positive values of a and b, 
2k- 1 > 0, 
k>~ 
- 2' 
hence the allowed range of the polarisation ratios is: 
Ix > ~ 
]y- 2' 
(A.6) 
(A.7) 
(A.8) 
{A.9) 
A.l The Cs centers 
{2} 
y,X y,X 
·Z 
z 
{3} 
X X 
{4} X 
z X 
y,Z 
y 
z 
{s} X {6} X z 
X 
z z 
y,Y y,Y 
X 
Figure A.2 The six inequivalent orientations of the C, (a) configuration. 
The lower case labels denote the center axes and the upper case labels the global or (100) 
oriented crystal axes. The laser polarisation is aligned with a crystal axis in either the Z or Y 
direction. Each orientation is labelled with a number which is referred to by table A.l. The 
different circles represent ions that form the reflection planes. 
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Absorption 
lt(x or y) 
1 1 v'2a 
2 1 72a 
3 _1 a v'2 
4 1 7za 
5 b 
6 b 
Net Ratio 
Emission Absorption Emission 
(a) 
11 (x or y) 12(z) 12(z) lt(x or y) 
lx [y lx /y Ix ]y 
-
1 ab la2 lac -
v'2 2 2 1 
_Lc lbc lac 
..J2 ..J2 2 
-:Tzab la2 lac -2 2 2 
1 
-:Tzbc lac 72c 2 
la2 la2 lac lac 
2 2 2 2 3 lac lac 2 2 
la2 la2 lac lac 
2 2 2 2 4 
1 lac lac 
"Jic 2 2 
lab b2 
../zbc -v'2 
Net Ratio a+ v"ib: 2a 
Jzab b2 lbc -
..J2 
a2 + 72ab: 2(a2 b2) a+ y"ib: 2a 
Table A.l The absorption and emission strengths, and the net polarisation ratios for the C..( a) 
configuration. 
12(i) 
lx h 
-
lc2 2 
lc2 
- 2 
12 2 lc2 2 
lc2 
2 
lc2 2 
1:2 
The first column identifies a particular Cs( a) orientation, the second column the aborntion stren~rth and 
the columns under Ix and [y are the emission for the X and Y 
labels in the second row identify the particular electric dipole component which will be absorbing or 
emitting, while the last row gives the net polarisation ratios expected. The letters a, b and c refer to the 
oscillator stengths of the x,y and z components respectively of the electric dipole. 
(a) and (b) list seperately the absorption and emission efficiencies for the laser polarised Ey and 
w 
w 
0 
Absorption Emission 
I 
(b) 
/I (x or y) /I (x or y) 12(z) 
Ix !y Ix !y 
1 _I a V2 _l_ab V2 
la2 
- lac 2 2 
2 1 ~ab la2 lac 72a -2 2 
3 b _l_ab V2 _l_ab V2 lbc 2 lbc 2 
4 b ~ab I ab 72 lbc 2 lbc 2 
5 _]_a la2 _l_ab lac -V2 2 V2 2 
6 I a la2 I ab lac -72 2 72 2 
Net Ratio 1:1 1:1 
Absorption 
12(z) 
1 1 c 72 
2 I T2c 
5 1 c 72 
6 1 T2c 
Net Ratio 
Emission 
11(x or y) 12(z) 
Ix /y Ix /y 
-
1 be lac 
-
lc2 V2 2 2 
~be lac lc2 -2 2 
lac 2 lbc 2 lc2 -2 
lac 2 lbc 2 lc2 -2 
1:1 1:1 
;:t.. 
...... 
~ 
Cb 
~ 
C"l § 
[ 
C.:l 
C.:l 
...... 
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A.1.2 The Cs(b) center 
The six inequivalent configurations of the CB(b) type centers are shown in figure A.3 
and the net polarisation r11tios under different absorption and emission geometries 
. . 
are listed in table ·A.2(a) and (b) for the laser polarised Ez or Ey . Only under 
It ( x or y) absorption and It ( x or y) emission is there a range of polarisation ratios 
expected. The rest display well defined Ix : ]y ratios of 1:0 or 0:1 when absorbing 
Ey laser radiation. For the laser polarised Ez , under 12 (z) absorption and 12 (z) 
emission, no fluorescence will be observed in the Z direction. 
To determine the range of polarisation ratios for the case of the It absorption 
and It emission in this configuration, let 
Rearranging, 
and therefore 
For real solutions, 
or 
Ix 
!y 
ab 
a2 + b2 = k. 
kb2 - ab + ka2 = 0, 
1- 4k2 > 0 
- ' 
~>k 
2- ' 
hence the allowed range of polarisation ratios is 
0 < Ix < ~. 
- ]y- 2 
(A.lO) 
(A.11) 
(A.12) 
(A.13) 
(A.14) 
(A.15) 
A.l The 0 8 centers 333 
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{3} y,X {4} y,X 
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z 
{s} x,X {6} z,X 
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y x,Y 
Figure A.3 The six equivalent orientations of the C, (b) configuration. The label definitions are 
the same as for figure A.2 
Absorption Emission 
/'I (x or y) f'1 (x or y) 1'2(z) 
lx ]y lx ]y 
1 b ba bb - -
2 b - bb be -
3 a ba a a - -
6 a - a a ac -
Net Ratio ba: b2 + a2 1:0 
(a} 
Absorption 
1'2(z) 
4 c 
5 c 
Net Ratio 
Emission 
11 (x or y) ')'2(z) 
lx ]y lx ]y 
be - - c2 
ac - - c2 
1:0 0:1 
Co.? 
Co.? 
....,.. 
Absorption 
/t(x or y) 
2 a 
4 a 
5 b 
6 b 
Net Ratio 
-
Emission I 
! 
'b) Absorption Emission 
11(x or y) 12(z) 12(z) 11(x or y) 12(z) 
Ix /y Ix /y Ix /y Ix /y 
- ab ae - 1 c ac be - -
ab - - ac 3 c be ac - -
ab - - be 
Net Ratio 1:1 0:0 
- ab be -
' . 
1:1 1:1 
Table A.2 The absorption and emission strengths, and the net polarisation ratios for the Cs(b) 
configuration. 
See table A.l for definition of the symbols used. 
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A.2 The C2v centers 
The two Czv configurations, C2v( a) and C2v(b) are distinguished by the orientation of 
their (Tv reflection planes( fig. AA). Figures A.5 and A.6 give the six different orien-
tations of each of the C2v( a) and C2v( b) configurations respectively. Going through 
the same procedure as for the Cs center configurations, the tables to work out the 
net polarisation ratios for these two C2v configurations are constructed (tables A.3 
and A.4). The polarisation ratios are more clear cut for both configurations of the 
C2v center and do not have a range of values like the ratios found for the Cs centers. 
A.3 Deviation from the expected polarisation ra-
tios in the C4v center. 
The principa.l C4 or z-axis of the C4v center coincides with the crystallographic 
axis. The three inequivalent orientations of the z-axis of a C4v center are labelled 
X, Y and Z (fig A.7). Under the present experimental conditions, it is difficult to 
achieve perfect alignment of the laser polarisation with a crystallographic axis. To 
calculate the degradation of the observed polarisation ratios, the laser polarisation 
is allowed to deviate from the direction of perfect alignment (fig. A.7), thus giving 
a component of the E-vector along all three inequivalent orientations of the z-axis. 
The net polarisation as a function of 0 and cp is given in table A.5 and expressed 
graphically in figure 2.5 
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Figure A.4 Examples of the two C211 center configurations possible in a cubic lattice. 
(a) and (b) are the 0 211 (a) and C2.,(b) configurations respectively. The parent C4 axis is aligned 
with the center z-axis of the C2v center. They and z-axes are chosen by the group table for the 
C2v point group of Nielson and Koster(l963) to lie in the reflection plane. The orientation of the 
the C2., reflection plane which distinguishes the center configuration is determined by two foreign 
cations. Note also the global or crystallographic axes in relation to the center axes. 
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Figure A.5 The six equivalent orientations of the C2v(a) configuration. 
The global axes are labelled in upper case and the center axes in lower case. The z-axis of the 
centre is now aligned with the parent C4 axis while the x andy-axes are perpendicular and 
parallel respectively to the 0'11 reflection plane of the C2 11 center. 
A.3 Deviation from the e>.:pected polarisation ratios in the C4v center. 
y,X i2} X 
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Figure A.6 The six equivalent orientations of the C2v(b) configuration. The axes labels are as 
defined for figure A.5. 
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Absorption 
U:r: 
1 1 a ;n 
2 J ;na 
3 1 a ;n 
4 l ;na 
Net Ratio 
(a) 
Emission Absorption Emission Absorption Emission 
'lrz O"z 0"11 I 
I 
O"y 11", O"z Uy 
'lrz 'lr, Ur 
Ix [y Ix [y lx ]y lx h, lx /y lx /y Ix ]y lx ]y 
1 
- ~az :f2ab ;nac - - 1 :f2b 1 be - - ~ab - 1 b2 ;n 72 5 c - e- ae -
1 !a2 :f2ab 72ac - - - 2 :f2b :f2bc - - ~ab - 1 b2 72 6 c - e- ae -
-
- !az !a2 !ab 1 ab ;n 3 1 b 72 - - ~ab !ab !b2 1 b2 72 
Net Ratio 0:1 1:0 
- -
4 
- -
1 b2 !az !az ~ab :f2ab fzb ~ab !ab ~b2 72 -····---···-!..-
1:0 1:2 1:2 Net Ratio 1:0 1:2 1:2 
·-
Table A.3 The absorption and emission strengths, and the net polarisation ratios for the C2v(a) 
configuration. 
The absorption and emission corresponding to the electric dipole alignment along the z, x and y axes are 
represented in the second row by 1l"z, ax and ay . (a) and (b) list seperately the absorption and emission 
strengths for the laser polarised Ey and Ez respectively. 
O"y 
Ix 
be 
be 
1:0 
I 
ly 
-
c.? 
..,. 
0 
(b) 
I 
Absorption Emission Absorption Emission 
Uy 1rz Uz Uy CTz 1l"z U:r 
lx /y Ix /y Ix /y lx /y lx [y 
1 1 b :Zil>c - - ~all - 1 b2 72 72 1 1 a 1 ae - - la2 72 72 2 
2 ~b ~be - - ~ab - 1 b2 72 2 1 1 - ~a2 72a 72ae -
5 1 b - lbe ~ab - 1 b2 -72 2 72 5 1 - 1 ac ~a2 -72a 72 
6 ~b - ~be lab 1 b2 -2 72 6 1 1 la2 7za - 72ae -2 
Net Ratio 1:1 1:1 1:1 Net Ratio 1:1 1:1 
---··-·-
I Absorption 
Uy 1r;o 1l"z 
lx /y Ix /y 
-
1 ab 72 3 e - -
- ::7lab 4 e - -
lab 
-2 
Net Ratio 0:0 
~ab 
1:1 
Emission 
U:r: Uy 
Ix !y Ix /y 
1 ae 72 
1 ac 72 
1 be 7z 
1 be 72 
l 1 ac ::7lbe ::7lbc 72ac 72 
1:1 1:1 
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Absorption 
<1':r; 
4 a 
5 a 
Net Ratio 
(a) 
Errrission Absorption Emission Absorption Emission 
'lr, <1':r; (J'll <1'y 'lrz Ux Uy 'lrz 'lrz 
Ix /y Ix /y Ix /y lx [y Ix [y fx /y lx ly Ix 
ac 
- -
a2 ab 
- 3 b be - - - - b1 1 c - c2 -
- - -
a2 
- - 6 b - - ab - - b'l 2 c - c2 ac 
1:0 0:1 1:0 Net Ratio 1:0 1:0 0:1 Net Ratio 0:1 
-··-···-~·----
Table A.4 The absorption and emission strengths, and the net polarisation ratios for the C2v( a) 
configuration. 
See Table A.3 for defintions of symbols. 
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lx 
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-
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-
-
' 
' 
C.:l 
~ 
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Absorption Emission Absorption Emission 
a._ 'lrz a:;; av a:;; 'lrz ax ay 
lx /l' lx [y lx h' lx /y lx !y lx 
2 b be ab - - - 1 a - ae - - ab 
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Net Ratio 1:1 1:1 0:0 
I l Net Ratio 1:1 0:0 1:1 
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Absorption Emission 
'lrz 'lrz ax 
h' lx /l' Ix /y Ix 
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X 
z 
Figure A. 7 The three orientations of the principal axis of the C4v center aligned with the X, Y 
and Z-axis of the crystal and the E-vector deviation from the direction of perfect alignment 
with the Y -axis. 
A.3 Deviation from the expected polarisation ratios in the 0 411 center. 345 
Absorption Emission 
O"z or V lr, O'oz; or 11 
Ix ]y Ix ly 
X E cos Osin</1 E cosO sin¢> - - E cos Osin</1 
+E sin 11 cos </J +E sinO cos¢> +Esin11cos ¢> 
y EcosO 
-
Ecosl1 E cosO . 
+E sin 0 sin¢> +E sinO sin </J +EsinOsin</1 
z Ecos8 . - Ecos8 EcosO 
+Esin11cos¢ +Esinl1cos¢ +Esinlicos¢ 
Net Ratio sin 11( sin¢ : sin 8 sin¢>+ 2(cosl1+ : 2(sinl1 +cos<;/>)+ 
+cos¢) sinO sin ql sin Ocos¢) cosO+ sinO sin¢> 
Absorption Emission 
1!'~ 1r, q"Z or ~ 
Ix ly Ix ly 
X EcosiJ EcosO 
-
. EcosO 
y EsinOcos¢ EsinOcos¢ sinO cos q, . 
z EsinOsin¢ . 
- EsinO sinc/1 Esin Osinc/1 
Net Ratio 1 : tan I) cos q, sin O(cosql +sin¢) : cos(/+ sin 0 sin q) 
Table A.5 The degraded absorption and emission efficiencies , and net polarisation in 
the X and Y direction for the C411 center as a function of() and 4> (see fig. A. 7) 
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